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Abstract 
Reactions of PH 3BX3• (X = F. Cl, Br) adducts with 
MX(CO)(PEt 3 ) 2 , CM = Ir,X = Cl, Br; M = Rh, X = Cl, Br, I, 
NCS) were investigated. The reactions of PH 3 with 
RhX(CO)(PEt 3 ) 2 and with RhHC12 (CO)(PEt 3 ) 2 are also 
described. Five and six-coordinate products containing 
-PH 3 and -PH 2BX3 moieties were obtained and characterised 
by 1 H, 31 P and 13C n.m.r. spectroscopies. One of these. 
RhHBr(CO)(PEt 3 ) 2 (PH2 BBr 3 ), was isolated and its reactions 
with MX, X2 (X = Cl, Br), PX 5 (X = F. Cl, Br) and SF 
investigated. The reactions of the five-coordinate cation 
[Ir(CO) 3 (PEt 3 ) 2 1 with MX (X = Cl, Br, I), PH 3'  PH 3BX 3 (X 
= Cl, Br) and SiH3Br were also studied. 
Enrichment with 13C-labelled carbon monoxide was used 
to facilitate 13C n.m.r. spectroscopy. This was also used 
to investigate the structures of some rhodium and iridium 
derivatives of various silanes and germanes. The 
13 C 
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1.1 chemistry relevant to this work. 
Transition metal chemistry is currently of great 
interest and has been stimulated by the discovery that 
many transition metal compounds exhibit useful catalytic 
properties, a famous example being Wilkinson's catalyst, 
RhCl(PPh3 )3 which is effective in the catalytic 
hydrogenation of alkenes. 1 Many complexes of the platinum 
group metals have proven to be particularly effective in 
this respect and, accordingly, much work is presently 
being carried out with a view to expanding the knowledge 
and understanding of the way these systems behave. 
The d8 complexes of the platinum metals (complexes of 
0 	0 	 • 	2. 	 2 
Os • Ru, Ir , Rh • Pt and Pd ) are almost always 
four-coordinate square planar or five-coordinate trigonal 
bipyramjd&l.. The d 6 complexes are normally 
six-coordinate octahedral. The d complexes often undergo 
oxidative addition reactions in which a small molecule 
reacts with the central metal atom, increasing the 
oxidation state and coordination number of the metal atom, 
normally by two. For a metal complex to be capable of 
undergoing oxidative addition reactions it must be 
coordinatively unsaturated and the metal must have an 
oxidation state two units higher than that in the starting 
complexi The reverse process is known as reductive 
elimination. 
The 	discovery 	of 	Vaska's 	compound, 
IrCl(cO)(PPh 3 )2 2 	stimulated interest in this and other 
2 
square planar d complexes. 	It was soon found that 
Vaska's compound and other, similar four-coordinate 
species readily underwent oxidative addition reactions 
with many simple molecules such as 112. hydrogen halides, 
halogens, MeI,' HgX (X = halide, OAc) 6 and silyl and 
germyl compounds. 7. 
a 
For example, reaction of 
IrCl(CO)(PPh 3 ) 2 with MH 3X (P4 = Si, Ge; X = Cl, Br, I) 
gives compounds of the type: 
PPh 3 
1 Co / 
	
Cl—Ir—MH2X 	 (9) 
PPh 3 
Similar reactions occur in the PEt3 systems  9' 
10 
 though 
those with Rh in place of Zr tend to dissociate at, or a 
little below, room temperature. 11 When an oxidative 
addition reaction occurs across a five-coordinate centre, 
elimination of a ligand occurs, resulting in a 
six-coordinate system, for example: 
PPh 3 	 X 
/ 	 / 
CO PPh 3 
_ 
OC—Ru + XV 	> OC—Ru---PPh3 
N / 
CO 	 OC 
PPh 3 	 V 
XV = HC1, HBr, 12$ Br2 
+ CO 	(12) 
3 
Other types of reaction 	include donor adduct 
formation in which the metal acts as a Lewis acid, some 
examples involving Vaska's compound being its reaction 
with CO to give trCl(CO) 2 (PPh 3 ) 2 !3 its reaction with 
ethylene to give IrCl(CO)(PPh3)2(C2H4)14  and its reaction 
with oxygen to form IrCl(C0)0 2 (PPh3 ) 2 15 . There has, 
however, been some debate as to whether the oxygen adduct 
should be considered a donor adduct or an oxidative 
addition product. 1 
The metal may also act as a Lewis base and form 
adducts with acceptor ligands such as boron trihalides. 
Thus, RhCl(CO)(PPh 3 ) 2 forms simple 1:1 adducts with 8X 3 (X 
= F. Cl, Br) 
1.1 .20  
as does its iridium analogue 
Displacement of one ligand by another is another 
common type of reaction and is made use of in metathesis 
reactions. For example, chloride in PtC1H(PEt 3 ) 2 can be 
replaced by bromide, iodide or pseudohalides simply by 
stirring a solution of the complex with the appropriate 
alkali metal salt 21 . Displacement reactions can occur in 
coordinatively saturated molecules too, eg. 
[Co(CN)5] 3 + H20 	 (Co(CN) 5 (M2 0)] 2 	+ CN 	(22) 
Oxidative addition reactions are by no means 
restricted to transition metals, as the following main 
group examples demonstrate: 
SF 	+ C1F 	) SF5C1 	 (23) 
4. 
PF3 + C1 2 	) PF3C1 2 	(211) 
One of the problems in studying the reactions of 
Vaska's compound is that many of its six-coordinate 
derivatives are only sparingly soluble in most solvents 
which makes characterisation by n.m.r. difficult. This 
problem has been overcome by using the triethylphosphine 
analogue IrCl(CO)(PEt 3 ) 2 and related compounds in which 
solubility is not a problem. 25 However, changing the 
phosphine ligands from PPh 3 to the more basic PEt 3 can 
result in a change in the type of reactions observed. By 
increasing the electron density on the metal atom, higher 
oxidation states will be stabilised; this would explain 
why reaction of SnCls with Vaska's compound results in 








whereas reaction of SnCl4 with trCl(CO)(PEt 3 ) 2 results in 
oxidative addition to form 
5 
PEt 3 
1 Cl / 
Cl—Ir---SnCl 3 	 (27) 
OC / 
PEt 3 
For 	the work described 	in this thesis, the 
triethyiphosphine complexes were employed for the reasons 
described above. 
The reactions of phosphorus compounds with transition 
metal complexes have been dominated by the formation of 
tertiary phosphine complexes of which Vaska's compound is 
one; however, in nearly all of these the focus of interest 
is not the PR  group but some other part of the molecule. 
A considerable amount of work has now been carried out on 
the reactions of halophosphines with platinum metal 
substrates. Oxidative addition is observed when PCi 3 
reacts with IrCl(CO)(PEt3)2281 29 giving the compound 
PEt 3 
I Cl / 




When PF2X (X = H. Cl, Br. I) is employed, an analogous 
product results with a -PF 2 group cis to X.  though it is 
[+1 
believed the reaction proceeds via a five-coordinate 
intermediate. 
PF 2 X 
I PEt / 




The reactions with RhC1(CO)(PEt 3 ) 2 were similar 32 . 
Reaction of PC1 3 with PtC1H(PEt 3 ) 2 produces 	the 
four-coordinate complex 
PEt 3 
Cl—Pt—PCi 2 	(33) 
PEt 3 
The reaction is believed to proceed via a six-coordinate 
intermediate 
PEt 3 




which reductively eliminates HC1 to give the 	final 
7 
product. 	When PBr3 is reacted with PtBrH(PEt 3 ) 2 this 
intermediate can be observed. 33 
Reaction of Me 3SiPH2 with PtXH(PEt 3 ) 2 or PtX2 (PEt 3 ) 2 
gives rise to binuclear complexes bridged by PH 2 such as 
r t a 	rEt3 	1 
Et3PPt—PR2--Ptx I 	(311) 
X 	 PEt3 
Similar species with PF2 bridges result from the reactions 
of PtC1H(PEt 3 ) 2 with PF2X (X = Cl, Br, I).' 36 
Reports of compounds containing PH 2 or PH3 groups are 
scarce. A list of 23, mostly first row, P}1 3 -containing 
complexes is given by Emsley and Hall. 
37. 
 Of these, the 
one richest in PH 3 groups is cis-Cr(CO) 2 (PH 3 )4 made by 
U.V. irradiation of a phosphine/Cr(CO)6 mixture. 38 No 
complexes containing only PH 3 ligands are known. More 
recently, Henderson 33 obtained t-PtI(PH3 )(PEt 3 ) 2 by 
reacting excess HI with t-PtCl(PEt 3 ) 2 (PC1 2 ). If excess 









Molybdenum carbonyl phosphine complexes are known; 
for example PH3 displaces norbornadiene from Mo(CO)4(nbd) 
to give Mo(CO)4(PH 3 ) 2 39 . These can be deprotonated with 
KPH2 to give species with terminal PH 2 groups, eg. 
Mo(CO) 5PH3 + KPH 2 	> (Mo(CO) 5 PH2 ]K + PH3 	(40) 
Reaction of PH 3 with [Ir(diphos) 2 ]Cl gives 
PH 3 
P —Ir--P 	 (41) 
under normal conditions but when the reaction is carried 





P /I —) 
The reaction of phosphine with PtXH(PEt 3 ) 2 (X = Cl, 
I) is an equilibrium at 213K in methylene chloride. 
PH3 + t-PtXH(PEt3)2 	Ir 	t-[PtH(PEt 3 ) 2 PH3]X 	(42) 
Phosphine 	can 	also displace PPh3 from Vaska's 
compound giving IrCl(CO)(PH 3 )(PPh3)' 43 
The reactions of phosphine with IrX(CO)(PEt 3 ) 2 . (X = 
Cl, Br) have been extensively investigated by Mayo 44, 45 
and are worth -describing in some detail here as they are 
relevant to the work described in this thesis. 
The reaction of PH 3 with IrX(CO)(PEt 3 ) 2 in a 1:1 
ratio in toluene gave the oxidative addition product 
PEt 3 
/ 




where DC = Cl, Br. In methylene chloride the 1:1 reaction 







which, on warming, reacted with more of the starting 
material to give the six-coordinate -PH 2 compound above. 
With two equivalents of phosphine, the five-coordinate 
species was again formed but on warming it underwent an 




H —Ir.  —PH 3 
oc /. 
PEt 3 
which could be protonated with HC1 to give the bis-PH3 
species 
PEt3 	12+ 
1 PH3 / 
H - Er —PH 3 
oc / 
PEt 3 
or deprotonated with Me 3N to give a bis-PH 2 species. 
Further reaction with HC1 displaced PH 3 giving first the 
mono-PH3 compound 
PEt 3 




and finally the dichloro species 
11 
• PEt 3 
Cl 
/ 
OC —Ir —Cl 
H 
PEt 3 
which can also be formed by the oxidative addition of HC1 
to IrCl(CO)(PEt 3 ) 2 . An isomer of the mono-PH 3 species 
above in which PH3 is cis to hydride and trans to carbonyl 
results from the reaction of HX with IrHX(CO)(PEt3) 2 (PH2 ). 
In compounds containing terminal PX 2 groups (X = H or 
halogen), the lone pair on the phosphorus should, in 
principle, still be available for donation to Lewis acids 
such as boron halides and 8 2H5. Ligands of the type 
-PX25Y3 (X = H or halogen; Y = H or halogen) should 
therefore be possible. Reports of such ligands are rare 
but a few have turned up in some of the work described 
above. The terminal -PC1 2 group in IrCl 2 (CO)(PEt 3 ) 2 PC1 2 
will react with B 2fl6 and boron trichloride to give 
-PC1 2BH3 and -PC1 2BC1 3 moieties. On warming, the -PC1 2BH3 
group converts to -PH 2BC1 3 and -PH2BHC12 moieties. 29 
The -PC1 2 group in t-PtC1(PEt 3 )2PC12 also reacts with 
B2H6 giving rise to t-PtC1(PEt 3 )2(PC1 2BH3) 33 . In the work 
by Mayo described above it was found that the 
five-coordinate bis-PH 3 species, or its internal oxidative 
addition product (IrH(CO)(PH 2 )(PH3)(PEt 3 ) 2 ]. reacted with 








It was behaviour such as this that suggested the 
possibility that the adducts of PH 3 itself with boron 
halides might undergo oxidative addition reactions with 
transition metal substrates to produce such moieties 
directly and a considerable proportion of the work 
described in this thesis was carried out to investigate 
this possibility. 
There has been much debate about the nature of the 
metal-phosphorus bond. The lone pair on the phosphorus is 
involved in a e-bond with the metal but the importance of 
back-bonding has been a subject of controversy. In 
principle, n-bonding from the metal to the 3d orbitals of 
the phosphorus is possible. In only a few cases has it 
been conclusively demonstrated. 
Photoelectron spectroscopy studies of the complex 
Ni(PF 3 )4 have shown that the phosphorus lone pair is 
involved in a e-bond to Ni and that there is also 
back-donation from the Ni to the phosphorus. There is
46 
also evidence from studies of bond lengths in complexes 
with Cr and PPh 3 and P(OPh 3 ) 3 that n-bonding occurs with 
the latter ligand. 4 It seems that metals in oxidation 
states of (II) or higher only form c-bonds with 
13 
organophosphines, and metals in oxidation states of zero 
or less form e and it bonds to PF3 . PC1 3 and P(OPh 3 ) 3 . 
Between these two extremes there is insufficient data for 
firm conclusions to be drawn. 
37 
As regards PH 3 itself, I.R. studies of carbonyl 
stretching frequencies in complexes such as Co(C0) 3 (PH3 ) 3 
suggest that PH 3 is a better n-acceptor ligand than PR  
but not as good as Co. 37 
1.2 Determination of molecular geometry. 
The ultimate method for determining the structure of 
a transition metal complex is X-ray diffraction of single 
crystals. Naturally to do this one must first obtain a 
crystal of the complex. Of all the new species described 
in this thesis, only two proved to be readily isolable. 
Despite considerable effort, crystals of these suitable 
for X-ray work could not be obtained and attention had to 
be turned to other methods of characterisation which, 
because of their lower reliability, are sometimes referred 
to as "sporting" methods. 
A 	well-established 	and popular method for 
Investigation of the structures of complexes is infra-red 
spectroscopy. Many groups commonly present in transition 
metal complexes absorb at characteristic I.R. wavelengths 
and observation of these in the X.R. spectrum can be used 
to confirm their presence. Carbonyl groups, for example, 
absorb in the region around 2000cm 1 . 
iLt 
The effects of other substituents on the positions of 
these absorptions can be very useful in determining the 
structure of a complex. For example, the CO stretching 
frequency correlates with the electron density on the 
* 
metal. Back-bonding from the metal d-orbitals with the it 
antibonding orbitals of the carbonyl group weakens the CO 
bond and so lowers the stretching frequency. Substituents 
that pull electrons away from the metal, such as 
electronegative substituents, decrease back-bonding and so 
48 
raise the stretching frequency of the CO group. 
The I.R. Zr-Cl stretching frequency is unaffected by. 
cis ligands but is highly dependent on the ligand trans to 
the Cl atom; for example. Cl trans to CO absorbs in the 
region 305 - 310cm 1 and Cl trans to tertiary phosphines or 
arsines absorbs in the region 27 8_262 cm 1 . 49 1 ° 
Metal hydrides have stretching frequencies in the 
region 1700-2200cm 1 . this is the seine region as CO 
stretches but the two can be distinguished by substituting 
deuterium for the hydride, this causes a large shift to 
low frequency of the hydride stretching frequency enabling 
it to be identified. This particular isotopic 
substitution can also have some effect upon the CO 
stretching frequency but only if the CO group is trans to 
the hydride and not cis. This is of obvious importance in 
assigning molecular geometry in complexes containing both 
hydride and carbonyl ligands. 51 
Like M-Cl stretching 	frequencies, 	the 	hydride 
stretching frequency has also been found to be dependent 
15 
on the nature of the ligand trans to it but insensitive to 
changes in the cis ligands. For instance, hydrides trans 
to phosphorus have lower stretching frequencies than when 
- 
trans to a halogen. 52  
Effects such as these seen in the I.R. spectra have 
been successfully used to characterise many transition 
metal complexes. For example, it was by I.R. spectroscopy 
that the products of the oxidative addition reactions of 
hydrogen halides to Vaska's compound were first 
characterised and it was even possible to demonstrate that 
the addition was in a cis fashion. 52 
Nevertheless, I.R. spectroscopy has its limitations. 
Absorptions may be weak and not be noticed, or may overlap 
with other bands. If impurities are present, or there is 
a mixture of products, assignment of bands to different 
compounds may be difficult. Moreover, the use of I.R.. 
spectroscopy to determine coordination geometry depends on 
correlations which are empirically derived and subject to 
the uncertainties of all such correlations. In the case 
of the work described in this thesis, reactions commonly 
produced mixtures of products, some were stable only at 
very low temperatures and most were 	extremely 
air-sensitive. 	Handling of such systems is most easily 
carried out in sealed tubes. 	N.m.r. tubes are ideally 
suited for this purpose as they can be sealed under vacuum 
and stored in liquid nitrogen. The systems studied also 
contained large numbers of spin-1/2 nuclei. N.m.r. rather 
than I.R. was therefore the preferred method for 
16 
characterisation of these systems. 
The basic theory of nuclear magnetic resonance is to 
be found in any standard textbook. This section is 
intended only to familiarise the reader with the 
appearance of the n.m.r. spectra obtained in this work and 
the reasoning behind their interpretation. The nuclei of 
relevance are 31 P. 1H, 13C, 11 B, 19 F and 103 Rhwhich are 
all of spin 1/2 except 11 B which has I 3/2. Although 
rhodium exists as 100% 103 Rh, it has a very low 
magnetogyric ratio 53 and is very difficult to observe 
directly, though its presence may be inferred by observing 
coupling to it in the spectra of other nuclei. Iridium 
has two natural isotopes, each with I = 3/2. Due to the 
very rapid rate of relaxation of these nuclei they are 
effectively -self-decoupled from other nuclei and no 
coupling to them can be observed. 
The work in this thesis concerns the reactions of 
phosphine and its boron trihalide adducts with 
triethylphosphine complexes of rhodium and iridium. Not 
surprisingly therefore, the most important nucleus in this 
work was 31P which has an abundance of 100%. 
Interpretation of its n.m.r. spectra was simplified by the 
fact that the PEt 3 resonances tend to fall into a region 
(ca. -25 to +lLOppm) quite separate from -PH21  -EH3 and 
-PH2BX3 resonances (generally less than -50ppm). 
There are a number of ways in which n.m.r. spectra 
can provide useful information. The multiplet patterns 
indicate how many nuclei the nucleus being examined is 
17 
coupling to. On retention of proton coupling, the PEt 3 
resonances become broad and featureless and give no useful 
information. 	The other phosphorus resonances, however, 
can be highly informative. 	The number of hydrogens 
directly bound to phosphorus is quickly ascertained (wide 
doublet, triplet and quartet patterns appearing for 1, 2 
and 3 hydrogens respectively) as is the presence or 
absence of hydride ligands. Triplet couplings were 
particularly common in the systems described in this work 
as in virtually all the products the two PEt 3 groups in 
the starting materials remained trans to each other and so 
remained equivalent. Coupling to two equivalent 31 P 
nuclei results in a triplet pattern. 
N.m.r. spectra also provide data in the form of 
chemical shifts and coupling constants. As with I.R. 
stretching frequencies, the chemical shifts of resonances 
are very substituent-dependent and can give valuable clues 
to the structure of a complex. A particularly useful 
example is the hydride chemical shift. Transition metal 
hydrides typically resonate at low frequences and in 
this work no hydride was observed with a chemical shift 
greater than -7ppm. This makes hydrides instantly 
recognisable in the I H n.m.r. spectra. 	The 	hydride 
chemical shift is highly sensitive to the position of 
halogen ligands and to changes in the halogen. 	It has 
been 	consistently observed in many transition metal 
complexes that when the hydride is known on independent 
grounds (I.R. spectra, X-ray structure, etc.) to lie trans 
18 
to halogen, its chemical shift is to a much lower 
frequency than when it is trans to ligands of high trans 
influence such as carbonyl or silyl groups. 55 
For example, in the complex 
PEt 3 
I Cl / 




the 	chemical 	shifts of the hydrides are -8.3 and 
-19.4ppm. 6 Using the argument above, the resonance at 
-19.4ppm can be assigned to the hydride trans to Cl and 
the resonance at -8.3 can be assigned to the hydride trans 
to Co. 
Changes in the halogen also affect the chemical shift 
of the hydride in a predictable way. It has been observed 
that as the halogen trans to hydride gets heavier, so the 
chemical shift of the hydride moves to higher frequency. 
When the halogen is cis to hydride the effect is much 
weaker and is in the opposite direction. 9 
These effects seem to be quite reliable and were 
found to hold true for all the hydride complexes described 
in this thesis where it could be demonstrated by 
independent means ( 31 P and 13C n.m.r.) if the hydride was 
cis or trans to phosphine or carbonyl ligands and 
therefore cis or trans to halogen. This was particularly 
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useful as halogens (with the exception of '9F) cannot be 
observed by n.m.r. 
31 P chemical shifts are notoriously difficult to 
predict. Attempts have been made at finding a theoretical 
basis for them but have so far failed. 37, 
s'?' The 
oxidation state of P. the coordination number, the bond 
angles and the nature of the substituents all combine to 
make bP very difficult to predict. Nevertheless, there 
are trends and correlations even though these are not 
always understood. For example, the chemical shifts of 
tertiary phosphines always move to higher frequency on 
coordination to a transition metal 
58 
 and there exists a 
linear correlation between [5P(complex) - 5P(free ligand)) 
and BP(free ligand) in complexes of the type 
RhCl(CO)(PR3 ) 2 and for other transition metal complexes. 59 
More informative, in the case of phosphorus, are the 
magnitudes of the couplings to it. From these it is often 
possible to determine if ligands are cis or trans to the 
phosphorus. Trans PP couplings are normally very much 
greater than cis couplings. This appears to be a general 
tendency observed for a great many transition metal 
complexes with only a few complexes of Mn and Cr being 
exceptions. 	It seems to be particularly true in 
platinum-metal 	systems and is a reliable guide to 
molecular geometry. 60 Similarly, a hydride cis to 
phosphorus will cause a doublet coupling of ca. 10-20Hz, 
much smaller than the doublet coupling caused by a trans 
hydride (typically between 100 and 200Hz).54' 61 
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The coordination number of the phosphorus atom is 
also important in determining the sizes of the couplings 
to it: the higher the coordination, the larger the 
one-bond coupling constants, for example, I i m couplings 
in three-coordinate P are in the range 130-230Hz, but are 
in the range 250-730HZ in 4-coordinate P and are greater 
still for 5-coordinate P (eg. 1115Hz in .PHF4).2 This 
trend proved useful in this work when compounds containing 
-PH2Me and -PH 2BX3 groups were encountered. Like terminal 
-Pit2 groups, these gave triplet patterns on retention of 
proton coupling but the I J PH couplings in these were in 
the range 300-400HZ showing clearly that the P atoms were 
four-coordinate. In the case of -PH 2SX3 groups, 
broadening of the 31  P resonance by the adjacent 
guadrupolar 
113 
 was an additional diagnostic feature. 
11 	19 	 - B and 	F n.m.r. were only used in this work in a 
few cases where these nuclei were known to be present. 
Carbonyl ligands are a special case. Normally no direct 
evidence can be obtained from the n.m.r. spectra for their 
presence which often would just have to be assumed. The 
13 C isotope has spin 1/2 but is of low abundance (1%). To 
make matters worse the carbonyl group contains no 
hydrogens bound to carbon to assist in relaxation so there 
is no nuclear Overhauser effect. 	This makes study of 
carbonyl groups by 13  C n.m.r. extremely difficult. 	The 
problem may be overcome by using materials enriched in 13 C 
and the study by 
13
C n.m.r. of reactions using such 
materials forms an important part of this thesis. 
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1.3 The boron trihalide - phosphine adducts. 
A significant proportion of the work described in 
this thesis involved the reactions of boron trihalide - 
phosphine adducts. A survey of the literature on these 
compounds was undertaken together with an n.m.r. study of 
their solutions in methylene chloride. 
As Lewis acids, boron trihalides would be expected to 
form simple donor adducts with a range of Lewis bases and 
many such compounds are described by Martin. 63 Those with 
heavier halogens tend to form more stable adducts, the 
order of acceptor strength for 3X3 being 
B1 3 > BBr3 > BC 1 3 > BF364' 65 
This was found to hold true for the adducts with phosphine 
described in turn below. 
BF 3 - PH3 
6F3 .2H 3 has been prepared in the solid state by 
direct reaction at low temperature of boron trifluoride 
and phosphine. The adduct is stable only at low
66 
temperature and dissociates on warming. 67 It does not 
appear to exist in solution, even at temperatures as low 
as 203K.68' 69 
BC1 3 .PH3 was first prepared by Beason 
70  who obtained 
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the compound as a white, air-sensitive solid by direct 
reaction of boron trichioride and phosphine. It 
dissociated above 293K. There is evidence from density 
measurements 71 and from the I.R. spectra 
72  of gaseous 
BC1 3 . PH 3 that it is not completely dissociated at room 
temperature. In methyl iodide solution the P-B coupling 
in the 11B n.m.r. spectrum is lost above 243K suggesting a 
rapid equilibrium between free phosphine and boron 
trichloride and the adduct. 69 
BBr 3 -PH3 
BBr 3 .pfl 3 was 	prepared by the reaction of boron 
tribromide with phosphine by Beason. 
73 
	It is a white, 
sublimable solid, spontaneously flammable in air. While 
BC1 3 .PH3 can be moved in a vacuum line. BBr 3 .PH3 is best 
prepared in situ. 72 
B1 3 . PH 3 
Beason 74 reported preparing this by reacting boron 
triiodide with phosphine but gave no details. Preparative 
details are given by Drake and Rapp. • 69 
Drake and Rapp have investigated by 1 H, 31 P and 113 
n.m.r. spectroscopy the behaviour in solution of many 
adducts of the type Ra_nHnP•BX3 (R = Me, Ph; n = 0, 1, 2; 
X = H, F, Cl, Br, I) including mixed halide systems. 68. 69 
However, these studies were carried out in methyl iodide 
23 
solvent whereas methylene chloride was the solvent 
employed for the work described in this thesis. 
Furthermore, it was not possible for Drake and Rapp to 
obtain any 31 P n.m.r. data for the PH 3 .8X 3 systems owing 
to their insolubility in methyl iodide. Mayo 
44 
 studied 
methylene chloride solutions of 5C1 3 .PH3 and 83r3 .PH 3 
using 1 H, 31 P and 
113 
 n.m.r. spectroscopy. These studies 
were repeated and extended to 8F3 .PH3 during the course of 
this work. The findings of Mayo were confirmed. At 183K. 
BC1 3 . PH3 was present as the adduct but on warming it 
underwent reversible dissociation. The dissociation had 
the effect of broadening the 
31 
 resonances and above 2113K 
the quartet pattern (in the 31 P spectrum) due to coupling 
with 11 B was no longer visible and the 31 P resonance began 
to shift to low frequency (is. towards the position for 
free phosphine). 
B8r3 .PH3 , in contrast, showed little 	sign 	of 
dissociation and was present up to room temperature. Its 
31 P n.m.r. spectrum exhibited the expected 1:1:1:1 quartet 
at -90ppm due to coupling to 11 B. This in turn was split 
into a larger 1:3:3:1 quartet upon retention of proton 
coupling due to the three equivalent protons on the 
phosphorus atom. Mayo estimated the degree of 
dissociation of 88r 3 .PH3 to be only 2% at 298K 44 . 
BF3 .PH3 was found not to exist as such in methylene 
chloride solution. This confirms the findings of Drake 
and Rapp who failed to observe the adduct when methyl 
iodide was used as solvent. Even at 185K in CD 2C1 2 the 
24 
only resonance in the 31 P spectrum was that due to PH 3' 
However, its chemical shift was slightly to higher 
frequency (-228..7ppm) than that expected (-236ppm) and the 
coupling constant I J PH was 204Hz rather than the expected 
182Hz. This would suggest that at very low temperatures 
there was some degree of association but it was very 
slight. The I H and 118  n.m.r. parameters of these species 
are listed by Drake and Rapp 68. 
og 
and the 31 P n.m.r. 
44 
parameters by Mayo. 
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CHAPTER 2 
REACTIONS OF RhCX(CO)(PEt 3 ) 2 
32 
Reactions of RhCl(CO)(PEt 3 ) 2 
2.1 Introduction 
	
A 	preliminary 	study 	of 	the 	reactions 	of 
RhCl(CO)(PEt 3 ) 2 (1) with phosphine was conducted by A. 
Conkie as part of a fourth-year project. She first 
reacted phosphine with (1) in a 1:1 ratio in methylene 
chloride and obtained a species exhibiting a doublet of 
triplets at -165ppm and a doublet of triplets at +31ppm in 
the 
31_(1} 
 n.m.r. spectrum. This species was identified 







In addition to unreacted (1), a small amount of another 
compound was also found. At the time this was believed to 
be a planar four-coordinate species with trans PEt 3 groups 
and a P11 3 group cis to these and trans to carbonyl. 
Evidence will be presented later in this chapter that the 











To prove that (2) was an ionic species containing 
chloride anion, Conkie added an equimolar quantity of 8C1 3 
to the reaction mixture in the hope of generating 3C14. 
This was indeed formed and the reaction was taken as 
evidence for the ionic nature of (2). In the 
spectrum of this reaction mixture it was noted that in 
addition to (2) and a little (3) there was a very small 
quantity of a new species that gave a doublet of triplets 
at approximately -llOppm and another at .17ppm in the 
triethyiphosphine region. 	It was 	not 	possible 	to 
characterise this compound using the data available at 
that time. 	Some later work by Mayo  resulted in a 
tentative assignment as a six-coordinate bis-phosphine 
compound in which the PH3 groups are mutually trans. 
Mayo's 	spectra were 	still 	not adequate for firm 
characterisation, the compound could not b.e obtained 
cleanly or in high yield and the structure assignment and 
characterisation remained inconclusive and incomplete. 
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A considerable amount of work establishing the 
identity of this compound and characterising it more fully 
was carried out and is described in this chapter. In the 
course of the work described below, the reactions of 
phosphine with (1) were repeated and extended and all the 
principal phosphine compounds described by Conkie were 
more fully characterised and their structures correctly 
assigned. A study of the reactions of phosphine with the 
oxidative addition product obtained by reaction of MCi 
with (1) was undertaken. This revealed a number of 
reactions and some novel species which were also 
characterised. By means of enrich] nent with 13C at the 
carbonyl position a great deal of structural information 
about these compounds was obtained from a part of the 
molecule not normally readily accessible by n.m.r. 
spectroscopy. The reactions of the PH 3BC1 3 adduct with 
(1) were also studied. 
2.2 The reaction of RhCl(CO)(PEt 3 ) 2 (1) with PH3 . 
The reaction was carried out using equimolar 
quantities of reactants in methylene chloride in an n.m.r. 
tube. The 31 P-( 1H} spectrum was studied from 183K to room 
temperature. At low temperatures the only compounds whose 
resonances were observed in the spectrum were the starting 
material and the bis-phosphine species (2). The latter 
showed a doublet of triplets at -166ppm with a doublet 
coupling of 125Hz and a triplet coupling of 147Hz (coupling 
KR 
to the two equivalent triethyiphosphine groups). 	On 
retention of proton coupling this became a second order 
multiplet with a quartet structure. The resonance at 
+31ppm showed a doublet coupling (to rhodium) of 78Hz and 
a triplet coupling (to two equivalent phosphorus nuclei) 
of 47Hz. All parameters agreed with those obtained by 
Conkie. On warming, the resonances due to (2) broadened, 
suggesting exchange. This was reversed on recooling. The 
mono-phosphine species (3) reported by Conkie was not 
observed. 
The reaction was repeated using phosphine and (1) in 
the ratio 1:2 in the hope that an excess of (1) might 
encourage the formation of the mono-phosphine compound 
(3). The reaction was found to be similar to the 1:1 
reaction but with more unreacted (1). 	No (3) 	was 
observed. Carrying out the reaction with phosphine and 
(1) in the ratio 2:1 resulted in the formation of (2) 
cleanly as the sole product and with no unreacted reagents 
left over. Reaction with a large excess of phosphine 
(four PH for every one Rh) again gave (2) as the sole 
product together with unreacted phosphine. There was 
apparently no displacement of carbonyl by phosphine. 
When the reactions were repeated using 
RhX(CQ)(pEt 3 ) 2 , (x = Br, I, NCS). compound (2) was the 
sole product in each case; The n.m.r. parameters showed 
no dependence on the nature of X suggesting that halide 
was not bound to the metal. 
These experiments confirmed that (2) is the product 
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of reaction between phosphine and (i.) as was first 
observed by Conkie. However, the mono-phosphine species 
(3) was not observed, even when an excess of (1) was used. 
This is in contrast to Conkie's observation that (3) was 
formed though as a minor product. It was found during 
subsequent work that (3) was often formed when HC1 was 
known to be present in the reaction mixture. This led to 
suspicion that Conkie's reactions may have been slightly 
contaminated with HCX which was responsible for the 
production of (3). The observation of a small amount of 
the oxidative addition product of HC1 and (1) in her 
spectra 1 provides • additional evidence for this 
suggestion. 
It is not possible to determine with certainty the 
source of the Nd. One possibility is the solvent used in 
the reactions (CD2C12) which may have contained traces of 
HC1 (or Dcl). Conkie used the commercial material without 
further purification. In this work the solvent was 
carefully purified prior to use (see chapter 6). 
As was mentioned above, the resonance at -166ppm in 
the 31  P spectrum exhibited a second order pattern with a 
wide quartet structure when proton coupling was retained. 
The proton spectrum (fig. 2.1) also exhibited a second 
order pattern consisting of a strong doublet of triplets 
centred on +3.5ppm but separated by 326Hz with weaker 
triplets arranged symmetrically about them. The second 
order nature of these spectra is due to the magnetic 
non-equivalence of the PH3 groups. The couplings of the 
37 
protons on one PH 3 group to their own phosphorus is not 
the same as to the phosphorus of the other PH 3 group. 
There is therefore a one-bond HP coupling and a three-bond 
HP coupling. There is also a two-bond PP coupling between 
the two PH 3 groups. 
Apart from the two-bond PP coupling, these parameters 
cannot be measured directly from the spectrum but must be 
determined mathematically by measuring peak separations 
and using the equations derived by Harris  for systems of 
the type X3AA'X' 3 . The results are tabulated in table 2.1 
together with the other n.m.r. data obtained for this 
compound up to this point. Later work using material 
enriched with 13C at the carbonyl position confirmed the 
presence of a carbonyl group and is described in chapter 
5. 
The value obtained for 2 i pp (94.8Hz) is much greater 
than for typical cis PP couplings observed during this 
work (generally 20-40HZ) and less than a trans PP coupling 
of 392Hz observed in the six-coordinate bis-phosphine 
species described later in this chapter. This is 
consistent with a five-coordinate structure in which the 
PH3 groups are equatorial and so intermediate between cis 
and trans with respect to each other. The coupling is 
comparable to that obtained by Mayo (80.3Hz) using the 
same method for the iridium analogue of this species and 
to the equatorial JPP couplings observed in first order 
spectra of the related five-coordinate mixed phosphine 
species described in the appendix. 
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'I-I3) 2 PEt3)  2 Cl2 
oq 
4.5 	 11.0 	 35 	 3.0 	 2.5 	PPM 
Attempts at 	isolating 	(2) 	were 	unsuccessful. 
Removing the solvent resulted in it reverting to the 
starting material (1). 	changing 	the 	chloride 	for 
alternative 	counterions 	such 	as BPh4 	resulted in 
decomposition. 
2.3 Reaction of RhCl(CO)(PEt 3 ) 2 (1) with PH3BC1 3 . 
The reaction of (1) with PH 3BC1 3 was carried out with 
equimolar proportions of the reactants in an n.m.r. tube 
with cD2c1 2 as solvent. The 31 P-{ 1H} n.m.r. spectrum was 
studied from 183K to 243K. Initially, at 183K, the only 
.Th 
product was the five-coordinate bis-phosphine species (2) 
together with unreacted starting material. At 213K the 
five-coordinate mono-phosphine species (3) and an unknown 
compound (it) began to appear. At 243K (2) was much 
reduced and (3) and (4) were present in larger amounts. 
After being left at 227K for about five hours to allow the 
system to equilibrate, all three compounds, together with 
unreacted (1), a very minor amount of the oxidative 
addition product of HC1 and (1) and some (HPEt 3 ) 	were 
present as revealed by the 	 n.m.r. spectrum 
(fig. 2.2). 
The spectrum of (3) consists of a doublet of triplets 
at -175ppm which becomes a quartet of doublets of triplets 
pH = 320Hz) on retention of proton coupling. A doublet 
of doublets at +34ppin represents the triethylphosphine 
resonance for this compound, the doublet couplings being 
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due to one rhodium and one PH3 group. The spectrum of the 
unknown compound (14) consisted of a doublet of triplets at 
-llOppm and another doublet of triplets at +17ppm. This 
was the same as the unknown compound produced in small 
yield by Conkie t in the reaction of BC1 3 with (2). 
The proton spectrum showed at least three different 
hydrides: a prominent multiplet at -16.6ppm (due to 
compound (IL)), a doublet of triplets at -13.5ppm (the 
oxidative addition product of (1) and HC1) and a minor 
multiplet at -14.6ppm (unknown). 
The phosphine region of the proton spectrum was quite 
complex (fig. 2.3). It consisted of a very strong doublet 
of triplets centred on 3.5ppm (due to compound (3)) and 
two second order sets of triplets. These were a group of 
four triplets at approximately 3.0. 3.3, 3.9 and A.lppm 
(centred on 3.5ppm) and a pair of strong triplets centred 
on 4.3ppm and associated with weaker triplets at 2.9. 3.9. 
Li.I.. 14.5, 11.7 and 5.6ppm. 
Heteronuclear double resonance experiments were 
carried out on the W11360 n.m.r. spectrometer. Various 
frequencies in the 31P spectrum were irradiated whilst 
observing the proton spectrum. This enabled the 
resonances in the proton spectrum to be assigned to the 
compounds responsible. For instance, irradiation of the 
resonance due to (3) (at -176ppm in the 31 P spectrum) 
caused the very strong doublet of triplets centred on 
3.5ppm to collapse but had no effect on the other peaks in 
the phosphiñe region or on the hydrides; therefore the 
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.50 	 0 	 -50 	 -100 	 -150 PPM 
Fig. 2.3. 	Coordinated phosphine region of the 
I1 
 n.rn.r. 
spectrum of the reaction of RhC1(CO)(PEt 3 ) 2 with PH 3 BC1 3 
in CO 2 C1 2 at 213K. 
10011Z 
5.13 	 4.13 	 3.0 PPM 
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largest doublet of triplets was due to compound (3). 
Irradiation of the resonance due to (2) (-165ppm in 
the 31P spectrum) caused collapse of the group of four 
triplets centred on 3.5ppm and irradiation of the 
resonance due to (4) (-lllppm in the 31 spectrum) 
resulted in collapse of the triplets centred on 4.3ppm and 
of the hydride at -16.5ppm (to what appeared to be an 
overlapping doublet of triplets). Broad band irradiation 
of the PEt 3 region of the 
31 
 spectrum collapsed all the 
triplets to singlets and also affected the hydrides, the 
hydride resonance at -13.7pprn becoming a doublet, the 
others becoming less well resolved. 
It was now possible to assign a tentative structure 
to compound (4). In the spectrum the resonance 
due to the triethylphosphine groups at +17ppm shows a 
triplet coupling due to coupling to two identical 
phosphorus nuclei. The resonance at -llOppm also shows a 
triplet coupling (of the same magnitude) due to coupling 
to the two identical triethylphosphine groups. Careful 
evaluation of the integral values of the two resonances 
showed that the phosphorus atoms responsible for the two 
sets of resonances were present in equal amounts. Upon 
retention of proton coupling the resonance at -llOppm 
becomes a complex second order multiplet. This would be 
expected of two chemically equivalent but magnetically 
non-equivalent PH 3 groups trans to each other. 
The presence of a hydride was established from the 
m 
proton 	spectra and by 	the 	selective decoupling 
experiments. The chemical shift (-16.5ppm) is in a region 
typical of hydrides trans to halides; 4 those trans to 
carbonyl groups usually appear at higher frequencies. On 
the basis of this evidence the structure of this compound 








Further evidence supporting this was obtained in later 
experiments. 
In this experiment, the PH 3BC1 3 adduct seems to have 
reacted as if it were free phosphine and produced the same 
products observed in the reaction of (2) with ad 3 . There 
was no evidence for any oxidative addition of the PH 3BC1 3 
adduct having occurred. The yield of (4) was quite high 
and it was not known if its presence was due to the Sd 3 
or to the Mdl which was a contaminent of the BC1 3 . To 
resolve this problem a tube was prepared containing (1). 
PH3 and HC1 in the ratio 1:2:1 respectively. The initial 
products in this reaction were compound (2) and the 
oxidative addition product of (1) and HC1. On warming 
compounds (3) and (IL) were also formed, the yield of (4) 
being apparently no higher than in the previous tube even 
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although this tube was richer in HCl. 
It appears from this that the presence of BC1 3 is not 
essential for the formation of (It). The presence of MC1 
clearly is necessary as reaction of (1) with PH 3 in the 
absence of HC1 generates no (IL). It was known (from I.R. 
spectra) that the 3d 3 contained a little MCi impurity. 
This MCi may have been responsible for the formation of 
(IL) in this reaction. It was still possible that. 
although it was not essential for the formation of (It). 
BC1 3 may nevertheless enhance the yield. In an attempt to 
obtain higher yields of (IL) so that it could be 
characterised more fully, an n.m.r. tube containing (1). 
PH 3-  MCi and 3d 3 
in the ratio 1:2:1:1 respectively was 
prepared and is described below. 
2.4 Reaction of (1) with 2PM 3 , MCi and BC]. 3 . 
An n.m.r. tube containing (1). PH3 , MCi and 3d 3 in 
the ratio 1:2:1:1 respectively was prepared in the hope of 
obtaining a higher yield of compound (It). According to 
the 31 P-{ 1H} n.m.r. spectra, at 183K compound (2) was the 
only product but on warming, compounds (3) and (IL) 
appeared and (2) decreased. At 213K. (IL) was the dominant 
product, (3) was also present. (2) was absent and there 
were three new but minor resonances at -107. -118 and 
-150ppm and another two at .-19ppm and +22ppm. The 
31 P-{ 1H} n.m.r. spectrum of this stage in the reaction is 
shown in fig. 2..4. 
On retention of proton coupling, the doublet of 
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triplets at -174.8ppm (due to compound (3)) became a 
quartet of doublets of triplets (as would be expected of a 
PH3 group) while compound (4) gave rise to a complex 
second order pattern (fig. 2.5) due to the magnetic 
non-equivalence of the PH 3 groups in the proton-coupled 
31 P n.m.r. spectrum. 
The proton spectra revealed the presence of four 
hydride-containing species. The dominant one was compound 
(4); its hydride resonance was an overlapping doublet of 
triplets of triplets (fig. 2.6). Another hydride 
resonance appeared at -14.2ppm and consisted of a doublet 
of doublets of triplets. The other two hydride peaks, 
both very weak, consisted of doublets of poorly resolved 
multiplets centred on -9.6ppm and -7.4ppm. In the 
reactions of phosphine with the oxidative addition product 
of HC1 and (1) described later in this chapter these 
compounds were obtained in higher yields and were 
characterised more fully. 
The phosphine region of the proton n.xn.r. spectrum 
(fig. 2.7) shows a second order pattern consisting of a 
pair of strong triplets at 3.7 and 4.8ppm associated with 
smaller triplets at 3.0, 3.9, 4.1, 4.5, 4.7 and 5.6ppm due 
to compound (4). (The two triplets at 3.1 and 4.Oppm are 
due to compound (3)). Again, the magnetic non-equivalence 
of the PH3 groups is responsible. 
This reaction gave a high yield of (4), relatively 
free from other products. The spectra obtained were the 
best up to that point and provided the data for table 2.2. 
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Because of the second order nature of some of the spectra 
it was necessary to use the methods of Harris  to obtain, 
from the proton spectrum, values for couplings between the 
nuclei of the PH 3 groups as explained earlier. 
To confirm the structure of the compound and the 
accuracy of the calculated n.m.r. parameters it was 
decided to carry out a spectral simulation using the 
program PANIC and to compare this to the observed 
spectrum. Given the relevant coupling constants this 
program, for use on the Bruker WH360 n.m.r. spectrometer, 
simulates what the second order spectrum of a compound 
should look like. Comparison of this with the observed 
spectrum enables one to verify the structure and that the 
calculated parameters are correct. 
Using all the data calculated from the 	proton 
spectrum together with that from the first order spectra 
it was decided to attempt a simulation of the resonance at 
-llOppm in the proton 	coupled 
32. P 	n.m.r. 	spectrum 
(fig.2.5). Initial attempts were unsuccessful as it was 
found that the inclusion of couplings to the hydride 
exceeded the memory capacity of the computer. However, by 
excluding the hydride it was found that a spectral 
simulation was possible. For comparison, a 31 P n.m.r. 
spectrum was run of the region in question with retention 
of proton coupling but with the hydride selectively 
decoupled. It was found that this observed spectrum 
compared very well with the simulated one when the latter 
was carried out on the basis of there being three 
hydrogens on each phosphorus. These two spectra (observed 
and simulated) are shown together in figure 2.8. 
All the n.m.r. evidence amassed so far points to the 
structure below for compound (4). 
PEt 3 
I Cl / 
H 3  P - Rh - PH 3 
/ 
PEt 3 
It was only on the basis of the chemical shift of the 
hydride that the ligand trans to it was believed to be 
chloride. The tendency for hydrides trans to halides to 
be detected at lower frequencies than those trans to 
carbonyls and many other ligands has been noted before 4 
and seems to be quite reliable. Nevertheless, it was felt 
that more evidence was necessary before it could be 
conclusively stated that the ligand was chloride. 
In a simple experiment the n.m.r. tube containing the 
reaction mixture just described was chilled to liquid 
nitrogen temperature and opened under vacuum on the vacuum 
line. A small quantity of a non-condensible gas was 
detected and was identified by its I.R. spectrum as carbon 
monoxide. In all subsequent reactions where (4) was 
produced in significant amounts the experiment was 
repeated. Each time this was done, free carbon monoxide 
was found. This would be expected if the carbonyl ligand 
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had been displaced and chloride was the ligand that 
remained. 
Further evidence that carbonyl was absent from the 
molecule came from 13C n.m.r. studies of the reaction of 
phosphine with the oxidative addition product of (1) and 
HC1 described below and in chapter 5. 
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Fig. 2.11. 	p 
31 
 -( ' H) 	n.m.r. 	spectrum 	of the reaction of 
10 00Hz 
Rhc1(co)(PEt) 2 with 2PM 3 . HC1 and 8fl 3 in CD 2 C1 2 at 213K. 
U' 
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Fig. 2.5. 	proton-coupled 	P n.m.r. spectrum of the PH
3 groups 
-105 	 -110 	 -115 	PPM 
Viz. 2.6. 1 H n.m.r. spectrum of the hydride of compound (U) in 
-16.6 	 -16.6 
1FM 
Fig. 2.7. 	coordinated phosphine region of the I  
n.m.r. spectrum of the reaction of Rhcl(CO)(PEt 3 ) 2 
with 2PH 3 , HC1 and BC1 3 in CD 2c1 2 at 213K. Resonances 
due to compound (IL) are marked. 
(IL) 	 (IL) 
5.5 	5.13 	4.5 	4M 	3.5 	3.0 
PPM 
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Fig. 2.8. 	observed (above) and simulated (below), 31 P 
n.rn.r. spectrum (with only the hydride decoupled) of the 
PH 3 groups in compound (a). 
-105 	 -110 	 -115 	PPM 
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Table 2.1: n.m.r. parameters for compound (2). 
OC 
PEt 3 
1 P'H3 / 
Rh I N 
































Chemical shifts in ppm,-coupling constants in Hz, solvent 
= CD 2C121  temperature = 213K. 
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Table 2.2: n.m.r. parameters for compound (4). 
PEt 3 
1 Cl / 





SP 	 6?' 	6H 	 Si!' 
+17.0 	-109.8 	-16.7 	+4.3 
Coupling constants 
1 1 2 2 1 
3 PRh 3 P'Rh 3 PP' P'P' 
78.3 101.9 39.9 392.4 377.0 
3 3 1 2 2 
3H'P 3 HRh 3HP 3HP' 
5.6 7.2 15.1 11.7 17.3 
Chemical shifts in ppm, coupling constants in Hz, solvent 
= CD2C12 , temperature = 213K. 
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2.5 Reactions of RhHC1 2 (CO)(PEt 3 ) 2 (5) with PH 3' 
Introduction 
HX (X = Cl, Br. I) reacts with RhX(CO)(PPh 3 ) 2 (the 
rhodium analogue of Vaska's compound) to produce compounds 








in which hydride is believed to be trans to X on the basis 
of their I.R. spectra. 5. 6. ' Ojeda8 repeated the 
reactions but using RhX(CO)(PEt 3 ) 2 (1) in place of the 
PPh3 complex and obtained directly analogous products as 
characterised by their 31 P and 1H n.m.r. spectra. The 
complexes are made by addition of anhydrous HX to a 
solution (in toluene, methylene chloride or chloroform) of 
the four-coordinate starting material (1). Reaction is 
rapid, even at low temperature, and is accompanied by a 
visible colour change from yellow Rh(I) to colourless 
Rh(III). 
During the work described below it was noticed that 
on addition of RCI to the solution of (1) decolourisation 
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was not complete. 	31p_{hfl} n.m.r. spectra of solutions 
containing (1) and MCi in the ratio 1:1 revealed the 
presence of small amounts of (1). Only when HC1 was 
present in excess (three-fold excess or more) was the HC1 
adduct (5) the sole compound detectable by 31 P n.m.r. 
An attempt at isolating (5) by reacting (1) with 
excess HC1 and removing the solvent under vacuum resulted 
in a cream-coloured powder. 31 P n.m.r. of this showed it 
to be a mixture of (5) and (1) with more of the latter. 
It appears that the reaction between (1) and HC1 in 
methylene chloride or chloroform is a reversible 
equilibrium and an excess of MCi is needed to ensure 
complete formation of (5). This would explain why, in the 
reactions described below, it was found that tubes 
containing an excess of MCi gave cleaner reactions. The 
behaviour of (5) is in contrast to the equivalent bromide 
and iodide compounds which could be isolated as near-white 
powders by the method described above without any apparent 
loss of MX. 
2.6 Reaction of (1) with MCi and PH 3 in the ratio 1:1:1. 
An n.m.r. tube was prepared containing (1) and MCi in 
equimolar quantities in methylene chloride. After warming 
to permit formation of the Mci complex (5) the solution 
was frozen and an equimolar amount of phosphine added. 
31 	1 The 	P-{ H) n.m.r. spectrum was studied from 1861< to 
259K. Initially, at 186K (5) was dominant together with a 
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little of the five-coordinate bis-phosphine species (2) 
and some free phosphine. A very minor amount of another 
compound (6) was present as shown by a very weak peak at 
-107ppm and a doublet of doublets at *21ppm. On warming, 
and (6) increased as (5) diminished. 	The peak at 
-107ppm resolved into a doublet of triplets. 
At 226K minor amounts of the five-coordinate 
mono-phosphine species (3) and the six-coordinate 
bis-phosphine species (IL) appeared together with a very 
small amount of another compound exhibiting a doublet of 
doublets of triplets at -llBppm which soon disappeared. 
(It was produced in much higher yield in a reaction 
described later and was found to be a six-coordinate 
tris-phosphine species). On warming further, the 
resonances of (2) broadened and diminished while (6) 
disappeared altogether. (3) increased slightly and (II) 
increased markedly. A singlet at --Zlppm due to [HPEt 3 ] 
also appeared. At 257K (II) and (5) were the main 
compounds present together with lesser amounts of (3), 
(HPEt 3 ] and free phosphine. On recooling to 213K, (2), 
(3), (IL), (5). PH3 and [HPEt 3 ] ' were all present in large 
amounts. (5) being dominant. No (6) was observed. 
This reaction was complex. At least five separate 
products were observed at various stages in addition to 
the starting materials. (2) and (6) were the initial 
products, these being replaced above approximately 226K by 
and (It). 	On further warming, decomposition sets in 
with production of [RPEt 3 ]. Since (6) is not regenerated 
and (LI) not lost on recooling, the reaction does not 
appear to be reversible. 
When this tube was frozen with liquid nitrogen and 
opened under vacuum on the vacuum line a small pressure of 
a non-condensible gas was detected. The I.R. spectrum of 
this revealed the presence of free carbon monoxide. 
2.7 Reaction of (1) with HC1 and P8 3 in the ratio 1:1:2. 
The reaction was carried out in the same manner as 
before but using two equivalents of phosphine. At 183K 
the 3l p{1} n.m.r. spectrum showed mostly the HC1 complex 
(5) and a small amount of compound (6). (The 
characterisation and structure of this compound are 
described in the next experiment). At 193K these were 
much reduced and compounds (2), (3) and (LI) were present. 
(2) being dominant. At 203K, (5) and (6) were all gone, 
(LI) had increased and a prominent singlet due to (HPEt. 3 ) 
was present. A little unreacted phosphine also remained. 
On warming up to 273K the products gradually diminished 
and the (HPEt 3 ] peak grew. On recooling to 193K a little 
(2) was regenerated but only minor amounts of (3) and (LI) 
remained. A prominent singlet at ~20ppm due to [HPEt 3 ] 4 , 
two weak, broad peaks with no discernable structure at 
-130 and -lLIOppm and free phosphine were also present and 
probably represent decomposition products. 
2.8 Reaction of (1) with HC1 and PH3 in the ratio 1:3:1. 
Using the same procedure as before phosphine was 
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reacted with (5) but in the presence of an excess of HC1 
in the hope that this would discourage the dissociation of 
(5). The 31 P-{ 1H} n.m.r. spectrum was studied from 183K 
to room temperature. At 183K. (5) and free phosphine were 
the main compounds present together with a little (6). On 
warming the amount of (6) increased rapidly while the 
others decreased. At 210K (6) was by far the dominant 
compound the only other species observed was a minor 
quantity of a new compound (7) whose spectrum consisted of 
a doublet of triplets at -142ppm and a doublet of doublets. 
at '27ppm. The triplet coupling in the resonance at 
-142ppm suggests coupling to two equivalent PEt 3 groups. 
the 2 J pp coupling in the PEt 3 resonance suggests coupling 
to one phosphorus. These couplings had the same value 
(211Hz) as expected. 
On retention of proton coupling the resonance at 
-142ppm became a quartet 1pH = 349Hz) of doublets JPH 
 
= 220Hz) of doublets of triplets (fig. 2.9). The quartet 
pattern proves it to be a PH 3 group, the larger doublet 
coupling is indicative of a hydride trans to the PH 3 (cis 
JPH  couplings are normally about 20Hz or less). 9 When 
proton coupled, the resonance at -108ppnt due to (6) became 
a quartet of doublets of triplets of doublets (fig. 2.10). 
The new doublet coupling this time was 20Hz indicating 
that this resonance was due to a PH 3 group cis to a 
hydride. 
The proton spectrum revealed the presence of two 
hydrides. The major one at -ltt.Oppm was a doublet of 
62 
-Fig. 2.9. 	Proton-coupled 319 n.m.r. spectrum of the 
P113 group in compound (7) - (RhHC1(cO)(9H 3 )(PEt 3 ) 2 J 4 . 
(hydride trans to 9113 ) in CD 2 C1 2 at 210K. 
2 00Hz 
135 	 ian 	 1115 	 150 	 155 	PPM 
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C 
lCOilz 	 31. 
Fig. 2.10. 	Proton-coupled 	P n.m.r. spectrum of the PH 3 group 
in compound (6) - fRhHCl(CO)(PH3)(PEt3)2C, (hydride cis to PH 3) 
in CD2C1 2 at 210K. 
-100 	 -105 	 -110 	 -115 	PPM 
doublets of triplets in the region expected of hydrides 
trans to halides. As this was the dominant hydride it was 
assumed to correspond with (6) as this was the dominant 
product in the 31 P spectrum. (Later heteronuclear 
selective decoupling experiments on the bromide analogue 
which has very similar spectra supported this, chapter 3). 
The minor hydride resonance consisted of a wide doublet 
of overlapping doublets of triplets centred on -7.flppm. 
The large doublet coupling was 220Hz as expected from the 
31k, spectrum of (7). 
The phosphine region of the proton n.m.r. spectrum 
exhibited a prominent doublet of triplets centred on 
.-4.5ppm with I JHP= 396Hz. the same as that observed for 
(6) in the 
31p 
 n.m.r. spectrum. There was also a small 
but wide doublet of poorly resolved multiplets centred on 
4.0ppm with I jHp = 3 149Hz as would be expected for 
compound (7). on the basis of this evidence it would seem 
that the most probable structures for these compounds are 









At this stage there was little evidence for the 
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presence of halide or carbonyl ligands. 	Later work, 
described in chapter 3, resulted in the preparation of the 
bromide and iodide analogues of these compounds. Although 
the spectra of these are very similar in appearence the 
chemical shifts show significant changes. Since the 
chemical shifts are halogen dependent it may be concluded 
that the compounds contain halide. The parameters of the 
chloride compounds are given in table 2.3 and are given 
again in tables 3.1 and 3.2 (chapter 3) alongside those 
for their bromide and iodide counterparts to facilitate 
comparison. 
Confirmation of the presence of a carbonyl group in 
(7) had to await the development of a method for enriching 
the carbonyl group with 13C and is described in chapter 5. 
By preparing a tube of twice the normal concentration of 
the reagents but in the same proportions as before it was 
possible to obtain, at 213K and natural abundance, a 
13C-{ 1H} n.m.r. spectrum of the carbonyl region showing 
the carbonyl group in compound (6). This spectrum showed 
a doublet of doublets of triplets at +185ppm. The triplet 
coupling (12Hz) represents a cis coupling to the two 
triethylphosphine groups. The two doublet couplings were 
54 and 134Hz. From later 13C work using enriched 
materials (and described in chapter 5) it was found that 
the former represented coupling to rhodium and the latter 
coupling to a trans phosphorus. This is consistent with 
the expected structure. 	Similar results were obtained 
from the bromide and iodide systems. 	The 13C parameters 
MM 
are tabulated and discussed in detail with reference to 
literature data in chapter 5. 
On warming this reaction mixture, further interesting 
changes began to occur. Up to around 250K, (6) and a 
little (7) were the only compounds present. All the HC]. 
adduct (5) and the phosphine had been consumed. Above 
this temperature, however. (6) began to diminish and the 
six-coordinate bis-phosphine species (It) appeared. At the 
same time some (5) also appeared. These both continued to 
grow as (6) declined. When room temperature was reached, 
all of (5) had disappeared and (4) and (5) were the 
dominant products in roughly equal proportions. , The 
quantity of (7) was unchanged and a very small amount of 
the five-coordinate species (3) was also present. On 
cooling to 183K there was no change; the reaction was 
irreversible. As before, this tube was found to contain 
free carbon monoxide gas. 
2.9 Reaction of (1) with HC1 and PH 3 in the ratio 1:3:2. 
This reaction was similar to the one described above. 
The initial products were (6) with minor (7), all the HC1 
adduct (5) was consumed. At about 253K, minor amounts of 
(A) began to appear. By 263K all of (6) was gone and (4) 
was virtually the sole product. No (5) reappeared in this 
reaction. Recooling did not reverse the reaction. 
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2.10 Summary of the reactions of RhHC1 2 (C0)(PEt 3 ) 2 (5) 
with PH 3' 
Two features of these reactions were consistently 
observed. First, reactions using stoichiometric amounts 
of HC1 were not clean. They tended to give mixtures of 
all the products observed to date. Presumably with some 
of the four-coordinate starting material (1) present in 
solution as a result of dissociation of the HC1 complex 
the way was open for reaction of this with phosphine 
and subsequently by HC1, or for reaction (if any) of (1) 
with the various products. When excess HC1 was employed, 
reactions were much cleaner, being dominated by compounds 
and (4). 
Second, there appeared to be a sequence of reactions 
with products appearing and disappearing in the same order 
irrespective of the proportions of reactants, though the 
temperatures at which the compositions changed may vary 
slightly from tube to tube. This was particularly clear 
in the reactions involving excess HC1. The first product 
was compound (6) which could be formed by simple 
displacement of chloride from (5) by PH 3* As the 
temperature rose there would come a point (usually between 
220K and 250K) when (6) would start to diminish as 
carbonyl was displaced by phosphine to form (4). The 
ffj 
process would normally be complete within 10 to 20 degrees 
and was irreversible. When phosphine was plentiful, no 
HC1 complex (5) reappeared. When deficient (ie. when the 
ratio of phosphine to rhodium was 1:1) the bis-phosphine 
species was nevertheless formed. The only possible source 
of phosphine in such a tube would be compound (6). As 
this diminished and (IL) increased complex (5) was also 
regenerated and when reaction was complete. (IL) and (5) 
would be present in approximately equal quantities. This 
suggests a two-stage process. the first stage is the 
displacement of chloride by phosphine from (5) thus: 
PEt 3 	 PEt 3 
I I 
/ 	 / 	 -PH 
OC — Eh — Cl 	 ___ 	OC—Rh—fl13 	+ Cl (i) 
/ 	 /1 
PEt 3 	 PEt 3 
(5) 	 (6) 
(Displacement of the chloride trans to hydride would give 
compound (7) instead). The fact that (6) is produced in 
much greater quantity than (7) suggests that the CO is 
better at labilising the chloride trans to it than is the 
hydride. At warmer temperatures displacement by phosphine 
of carbonyl from (6) takes place: 
PEt3 	1 	PEt3 
/ 	 PH 	 / 




PEt 3 	 PEt 3 
(6) 	 (4) 
.1. CO 	(ii) 
Co is not displaced in stage (1) but is in stage (ii) 
which suggests that PH3 is better at labilising the ligand 
trans to it than is chloride, this is consistent with 
their relative positions in the trans effect series. 
10 
 If 
there is insufficient free phosphine then the reverse of 
reaction (i) may act as a source and would account for the 
regeneration of (5) observed in phosphine deficient tubes. 
Reaction (ii) appears to be irreversible. 	On recooling 
(4) remains and no (6) is regenerated. 	Free carbon 
monoxide is only sparingly soluble in most solvents and it 
is possible that on being displaced from (6) it enters the 
gas phase. It would then be less available for reaction 
with (4) in the reverse of reaction (ii). 
To confirm this reaction sequence it would be 
desirable to study the progress of the carbonyl group 
directly. This was achieved by 13C n.m.r. using material 
enriched with the 13C isotope at the carbonyl position. 
This is described in the experiment below. 
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2.11 Reaction of RhCl( 13C0)(PEt 3 ) 2 (1) with HC1 and PH 3 in 
the ratio 1:3:1. 
(1) enriched to approximately 60-70% 13 C in the 
carbonyl position was reacted with three equivalents of 
HCI in methylene chloride in an n.m.r. tube in the normal 
fashion and one equivalent of phosphine then added. The 
13C-( 1H) n.zn.r. spectrum was monitored from 183K to 256K. 
From other 13C n.m.r. work (chapter 5) on pure samples it 
was known that (5) exhibited a doublet of triplets at 
+183ppm with coupling to rhodium of 68Hz and to phosphorus 
of 11Hz. As described earlier, one of the expected 
products of this reaction (compound (6)) was known to 
appear as a doublet of doublets of triplets in the 13C 
spectrum at +lBSppm. If the proposed structure of (U.) was 
correct and it contained no carbonyl then it should not be 
observed in the 13C n.m.r. spectrum. 
Initially the only compound observed in the carbonyl 
region of the 13C-{ 1H} spectrum was (5). On warming this 
diminished and (6) appeared. By 246K, (6) was by far the 
dominant product and (5) was much diminished. In addition 
a doublet of doublets of triplets was present at -.-lBlppm. 
The doublet couplings were 61Hz 'CRh and 10Hz (cis 
and the triplet coupling to the two 
triethyiphosphine groups was also 10Hz. On retention of 
proton coupling an additional small doublet coupling of 
£LHz was observed suggesting a cis hydride. This resonance 
probably represented the carbonyl group of compound (7). 
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On warming ten degrees further the quantity of (6) 
was suddenly much reduced and the level of (5) had 
increased considerably. 	There was no evidence for any 
bis-phosphine species in the 13C n.m.r. spectrum. 	The 
reaction was stopped at this point before the process was 
completed and the n.m.r. spectrum obtained at the 
same temperature. In this spectrum the resonances in the 
phosphine region were poorly resolved but those in the 
triethylphosphine region were sharp. The dominant 
products were (6) and (IL) with some (5) and a little (3) 
and (7). All but (6) showed 
13 C satellites. Figure 2.11 
shows the triethylphosphine resonances of (6) and (IL) 
which occur side by side. The extra doublet coupling due 
to 
13 C in the doublet of doublets due to (6) is obvious. 
The doublet of triplets due to (IL) clearly shows no such 
coupling. 	This confirms the presence of a carbonyl group 
in (6) and its absence in (1*). 	The sequence of events 
observed in the 13C spectra mirrors that seen in the 31 
spectra and, together with the absence of (IL) in the 13C 
n.m.r. spectra, supports the postulated sequence of 
reactions leading to the formation of compound (4). 
2.12 Reaction of (5) with a large excess of PH 3 . 
To observe the effect of excess phosphine on (5) an 
n.m.r. tube was prepared containing (1) and HCl in the 
ratio 1:1. To this was added five equivalents of 
phosphine and the 31 P-( 1H} n.m.r. spectra studied from 
191K to 216K. Initially the main product was the 
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25 	 20 	 15 	PPM 
carbi 
Fig. 2.11. 	 n.m.r spectrum of the PEt 3 groups in 
compounds (6) and (4). 	(6) contains some 13 C in the 
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five-coordinate bis-phosphine species (2) together with 
species (6). (3) and (It) in decreasing order of abundance. 
A very small amount of a new species (8) was present as 
resonances at -llBppm and -litgpprn. At 2161< the 
proportions had changed so that (8) was the dominant 
product together with substantial amounts of (2). (3) and 
(4). a little (6) and a trace of (7). The 31 P-{ 1H} n.m.r. 
spectrum of this stage in the reaction is shown in figure 
2.12. The peaks for (2) were very broad and not resolved 
suggesting exchange. The new compound (8) gave rise to a 
resonance at +17ppm in the triethyiphosphirie region 
(overlapping with compound (It) so its multiplicity could 
not be determined), a doublet of triplets of doublets at 
-llappm and a poorly resolved multiplet at -lSOppm. By 
careful evaluation of the integrals it was found that 
these resonances were in the ratio 2:2:1 respectively. 
On retention of proton coupling the resonance at 
-118ppcn became a complex second order multiplet 
overlapping with the multiplet due to (It). This would 
suggest chemically equivalent but magnetically 
non-equivalent P113 groups as in compound (it). The 
resonance at -150ppm became a quartet of doublets of 
poorly resolved multiplets. The quartet structure 
indicates a P11 3 group and the large doublet coupling 
(around 160Hz) indicates the presence of a hydride trans 
to this PH 3 group. The coordinated PH3 region of the 
proton coupled 31P n.m.r. spectrum is shown in figure 
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2.13. 
In order to demonstrate that the three new resonances 
at .17, -118 and -lSOppm were related a two dimensional 
P-P correlation spectroscopy (COSY) experiment was
11 
carried out. This resulted in the spectrum shown in 
figure 2.14. In the normal spectrum at the top of the 
diagram the sharp singlet at -lLtoppm is due to free PH3 
which has folded back. The resonances from (2) are absent 
because broad peaks tend to be weak or absent in COSY 
spectra. The COSY spectrum shows which resonances are 
related by coupling to each other. In figure 2.14 the 
diagonal from bottom left to top right represents the 
normal spectrum. It is also a mirror plane. Peaks lying 
off the diagonal are related to each other if one maps 
onto the other through the mirror plane. The resonances 
in question are indeed so related and so must belong to 
the same compound. 
In the proton spectrum a new hydride resonance was 
observed at -9.6ppm consisting of a large doublet 
( 2 = 
166Hz) of multiplets. The doublet coupling, suggestive of 
a trans phosphorus, was similar to that observed in the 
proton-coupled 31P n.m.r. spectrum for the resonance at 
-150ppm. When this hydride was selectively decoupled 
whilst other proton couplings were retained, the resonance 
at -150ppm in the 31  spectrum lost its large doublet 
coupling thus linking these two resonances. 
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F" resonates at -150ppm in the 31P spectrum and is trans 
to a hydride. The two P'!!3 groups appear at -llSppm and 
show couplings to the PEt 3 groups and to F" as well as to 
rhodium. They are magnetically non-equivalent and so give 
rise to a second order multiplet on retention of proton 
coupling. 
Further confirmation was obtained by heteronuclear 
selective decoupling experiments. The proton spectrum was 
observed while resonances in the 31P spectrum were 
irradiated. As already mentioned, the hydride exhibited a 
large doublet of multiplets. Upon irradiation at +17ppm 
in the 31 P spectrum these multiplets collapsed to doublets 
of triplets. The triplet coupling would be expected of 
the two P'H3 groups. Irradiation of these at -llSppm also 
collapsed the multiplets to doublets of triplets, the 
triplet coupling this time being due to the PEt 3 groups. 
There were many products in this reaction and three 
of these (compounds (2). (4) and (8)) would be expected to 
give second order spectra in the phosphine region of the 
proton spectrum. Accordingly this region was extremely 
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Fig. 2.13. 	Coordinated phosphine region of the proton-coupled 
31 n.m.r. spectrum of the reaction of RhHCl,(C0)(PEt 3 ) 2 with an 
excess o-f PH 3 in CD 2 C1 2 at 2161<. 
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Fig. 2. 114. 	31 p- 31 P, COG'? spectrum of the reaction of 
RhHC1 2 (CO)(PEt 3 ) 2 with an excess of PH 3 in CD 2 C1 2 at 216K. 
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interpretation very difficult. 	However, by selective 
decoupling experiments it was possible to locate the 
resonance due to the protons on the trans P'H 3 groups as a 
set of doublets of triplets centred on +4.7ppm. 
Irradiation at -17ppm in the 31 P spectrum removed the 
triplet coupling and irradiation at -117ppm collapsed them 
completely to a broad peak. Due to overlapping with other 
resonances it was not possible to determine all the 
coupling constants. 
In another tube (the reaction of equal amounts of 
(1), HC1 and PH 3 ) ( 8) appeared briefly in very small 
amounts and in the virtual absence of (IL). This enabled 
the triethylphosphine resonance to be observed relatively 
free from distortion by overlap with (4). It was found to 
be a doublet of triplets of doublets and the parameters 
obtained, together with those ascertained from the spectra 
just described are shown in table 2.4. 
2.13 Reaction of (1) with HC1 and PH 3 in the ratio 1:3:5. 
In the hope of obtaining (8) more cleanly the 
reaction was repeated using an excess of HCl. This gave 
the same products as before but (2) was much reduced and 
(It) was the main product. (8) was the second major 
product. 	It is probably formed by displacement 	of 











PH> 119—Rh —PH 3 
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+ Cl_ 




Adding more HC1 to the mixture may result in a cleaner 
reaction but it must also increase the amount of chloride 
ions in solution and so may push the equilibrium in the 
above reaction to the left. This would account for the 
greater proportion of (A) observed in this experiment. 
Si. 
Table 2-3: n • in. r. parameters for compounds (6) and (7) 
+ 	 + 
PEt3 I PEt3 
1 C1 I / / 
OC— Rh— P'H' 3 H 
H OC 
PEt 3 PEt 3 
(6) (7) 
Chemical shifts 
op or" 	OH 	OH' 
+21.3 -108.11 	-14.0 	+4.5 
+27.5 -1*3.6 	-7.4 	+4.0 
Coupling constants 
3 PRh 	 '7 PP' 
73.4 	94.7 	111.8 	397.0 
74.3 	67.4 	211.2 	3*9.4 
3 HRh 	HP 	3HP' 	I'P 
15.2 	10.0 	19.6 	7.8 
10. 	8.3 	220.2 	ca.3 
Chemical shifts in ppm, coupling constants in Hz, solvent 
= CD2C1 2 . temperature = 213K. 
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Table 2.4: n • rn. r. parameters for compound (8) 
PEt3 	12~ 
1 / 







6?' 	 We 
-118.4 	-150 
OH 	OH' 
- 9.6 	+4.7 
Coupling constants 
	
3 PRh 	3P'Rh 	j P IV P1 	3PP' 
71.8 	92.4 	30.3 	36.6 	25.5 
3 HRh 	HP 	 3 HP' 	'HP" 	 jHVVPTt 
ca.10 	ca.8 	ca.12 	166 	Ca. 350 
Chemical shifts in ppm, coupling constants In Hz, solvent 
= CD 2C1 2 . temperature = 213K. 
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2.14 Reaction of [Rh(CO)(PH 3 ) 2 (PEt 3 ) 2 ] (2) with HC1. 
A solution of (1) in methylene chloride was allowed 
to react with two equivalents of PR 3 to form the bis-PR 3 
species (2). The mixture was then frozen, one equivalent 
HC1 added and the tube sealed. At 183K, (2) and very 
minor (5) were the only compounds observed. By 213K, (5) 
had increased slightly but (2) was still dominant. By 
223K the mixture had undergone a dramatic change. 
Compounds (3) and (4) were both present in significant 
amounts together with much [RPEt 3 ] and (5). (2) was 
diminished and its resonances were broadened by exchange. 
At 233K, (II) was dominant though (3) and (5) were 
also present in large amounts together with some (HPEt 3 ] 4 
and -free PR3 . 
What was unusual about this reaction is that the 
six-coordinate bis-PH 3 species (4) was produced directly 
from (2) without apparently going through the intermediate 
(6). This suggests that tIC], can oxidatively add to (2) 
with loss of CO to give (4) directly. In contrast, RBr 
and RI gave only the bromide and iodide equivalents of (5) 
when they were used in place of HC1 in this reaction, 
though very small amounts of the bromide analogue of (6) 
were observed briefly at 193K. 
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2.15 Reaction of (2) with carbon monoxide. 
A solution of (2) in methylene chloride in an n.m.r. 
tube was prepared in the normal way. The mixture was 
frozen and carbon monoxide gas at a pressure of almost one 
atmosphere introduced to the tube. (In the volume of an 
n.m.r. tube, this would correspond to very approximately 
O.lmMol. of CO). The tube was then sealed and the 
31 P-J IHI n.m.r. spectrum obtained at 213K. The major 
product was found to be the five-coordinate mono-phosphine 
species (3). A very small amount of (2) remained and 
there was much free PH 3 presumably displaced by CO from 
(2). If the reaction was repeated using RhI(CO)(PEt 3 ) 2 to 
generate (2), the results were the same, the parameters of 
(3) being no different. This suggests that no halide is 
present in (3). The PH3 resonance of this compound in the 
31 P n.m.r. spectrum is a doublet of triplets at -175ppm 
suggesting coupling to one Rh and to two equivalent PEt 3 
groups. On retention of proton coupling the resonance 
becomes a quartet of doublets of triplets showing that it 
is due to a PH 3 group in a compound containing no hydride 
(the lack of a hydride resonance in the proton spectra 
confirms this). The PEt 3 resonance in the 31 P spectrum is 
a doublet of doublets showing that there is just one PH 3 









(3) would appear to be formed by the displacement of one 
PH3 from (2) by CO. Its I H and 31 P n.m.r. parameters are 
given in table 2.5. 
In some of the reactions of (5) with PH 3 . (3) was a 
minor product. When such reactions were carried out using 
starting material enriched with 
13CO it was possible to 
obtain the 13C n.m.r. spectrum of (3). This consisted of 
a doublet of doublets of triplets at .-190.7ppm, the 
coupling to the PH3 group being 29Hz. Although smaller 
than 2 JCpin (2) (ltBHz) this was still about two to three 
times as large as all the cis 2CP  couplings observed in 
this work (typically 9-15HZ) and so is suggestive of a 
five-coordinate structure with carbonyls and PH 3 In 
equatorial positions. 
Further evidence for this came from the 
spectra. If the compound contained only one carbonyl then 
only one set of 
13  C satellites should be observed. If it 
contained two carbonyls then, at high levels of enrichment 
(ca. 60% in these systems), two sets, one much smaller 
than the other, should be observed. The smaller set would 
be due to those molecules with two 13C0 groups. 	This is 
riT 
what was observed thus confirming the identity of the 
compound. 
The presence of this species in the reaction of (5) 
with PR3 can now be understood. The formation of (U) in 
these reactions liberates free CO which can then displace 
PH3 from (2) to give (3). An iridium analogue of (3) was 
prepared by displacement of CO by PH 3 from 
(Ir(CO) 3 (PEt 3 ) 2 ] 4 and is described in chapter Lt. 
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2 	 1  
J pp' 	3 F'H 	
3
Jup 
42.1 320.4 5.3 
Chemical shifts in ppm, coupling constants in Hz, solvent 
= CD2C1 2 , temperature = 213K. 
2.16. Summary of chapter 2. 
The reaction of phosphine with RhC1(CO)(PEt 3 ) 2 (1) 
produces only one product, the five-coordinate 









Reaction of (1) with PH 3 BC1 3 does not result in 
oxidative addition, as had been hoped for, but rather 




Rh—PH3 	 11 32—Rh—PH3 
/  
OC 	 H / 
PEt 3 	 PEt 3 
(3) 	 (4) 
Similar behaviour is observed when mixtures of phosphine 
and HC1 are used instead of the PH 3 BC1 3 adduct. This 
suggests that contaminating HC1 in the BC1 3 may be 
responsible. Ed 3 often contains HC1 probably formed by 
hydrolysis. Unfortunately attempts at purifying this or 
the adduct were unsuccessful. 
The oxidative addition product (5) of HC1 and (1) 
reacts with phosphine to produce in succession mono, bis 
and tris-phosphine species. Two isomers of the 
mono-phosphine species are formed: 
PEt 3 
OC - Rh-  PH3 
PEt 3 
(6) 




(7) is always the minor isomer and appears to be rather 
unreactive. The formation of (6) is a reversible 
equilibrium as shown by phosphine deficient systems in 
which the dissociation of (6) leads to regeneration of (5) 
and the liberation of phosphine which reacts with more of 
(6) displacing carbonyl to produce, in an irreversible 
reaction, (IL) below. 
PH3 	
3 PH 	 + Co 
PEt 3 	 PEt3 
(5) 	 (IL) 
Further reaction 	of (4) with phosphine produces a 












Another route to (4) appears to be the reaction of 
HC1 with the five-coordinate bis-phosphine species (2) 
with elimination of CO. In this reaction no intermediate 
mono-phosphine species such as (6) were observed. Carbon 
monoxide can displace one PH 3 from (2) to form (3). 
91 
References 
(1) A. Conkie, Fourth-year project report, University of 
Edinburgh. 	1985. 
 R.A. 	Mayo, 	Ph.D. Thesis. University of Edinburgh. 
1986. 
 R.K. Harris, 	Can. J. 	Chem, fl. 	1964, p.2275. 
 J. chatt, 	N.P. 	Johnson and B.L. 	Shaw. 	J. 	Chem. 	Soc.. 
1964. 	p.1625. 
 M.C. 	Baird, 	J.T. Mague. 	J.A. Osborn and G. Wilkinson, 
J. 	Chem. 	Soc., 	(A). 1967, 	p.1347. 
 R.L. 	Bennett, 	M.I. Bruce and R.C.F. Gardner, 	J. 	Chem. 
Soc., 	Dalton Trans. 	1973. 	p.2653. 
 D.A. 	Slack, 	D.L. Egglestone and M.C. Baird, 	J. 
Organomet. 	Chem., 146. 	1978. 	p.71. 
 M.R. 	Ojeda, 	Ph.D. Thesis, University of Edinburgh, 
1980. 
 J.M. Jenkins and B.L. 	Shaw, 	J. 	Chem. Soc.. 	(A), 	1966, 
p. 1407. 
J.E. Huheey. "Inorganic Chemistry", 2nd. ed. (1978), 
Harper & Row, New York. p. 1191. 
A. Bax and R. Freeman, J. Mean. Reson.. 112, 1981, 
p.164; 44, 1981. p.5 112. 
92 
CHAPTER 3 
REACTIONS OF RhX(CO)(PEt 3 ) 2 
X = Br, I, NCS 
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Reactions of RhX(CO)(PEt 3 ) 2 , (X = Br, I, NCS). 
3.1 Introduction 
This 	chapter 	describes 	the 	reactions 	of 
RhX(CO)(PEt 3 ) 2 (X = Br, I) with adducts of the type PH 3BX 3 
(X = F. Cl, Br). Products containing -PH2 BX3 moieties are 
described as are various phosphine-containing species 
analogous to some of those formed in the chloride system. 
A product containing a .-PB 2 BBr3 group was isolated and its 
chemistry investigated. Finally, the work was extended to 
include a pseudohalide - NCS - to see if this affected the 
reactivity. 
3.2 Reaction of RhBr(CO)(PEt 3 ) 2 (9) with PH3BBr3 . 
The reaction of RhBr(CO)(PEt 3 ) 2 (9) with PH 3BBr 3 in 
methylene chloride gave three products as well as the 
oxidative addition product of HBr and (9), as revealed by 
33. 	1 the 	P-{ H} 	n.m.r. 	spectrum 	(fig-3.1). 	The major 
product, (10), gave rise to a broad peak at -56ppni 
suggesting coupling to boron, and a doublet of doublets at 
+15.7ppm. There was adoublet of triplets at -lSOppm with 
2 J pp = 24Hz and a doublet of doublets in the 
triethyiphosphine region with the same 2 JPPIOn retention 
of proton coupling, the doublet of triplets became a 
quartet of doublets of doublets of triplets, similar to 
fig.2.9, with I JPH= 348Hz and 2 J PH 217Hz. This 
indicates a compound (11) which contains a -PH 3 group 
trans to a hydride and cis to two PEt 3 groups. 
There was a doublet of triplets at -109pptn (with 
= 40Hz) which became a quartet of doublets of triplets of 
doublets (similar to fig. 2.10) on retention of proton 
coupling, withJ PH  19Hz indicative of a cis hydride. A 
doublet of doublets in the PEt 3 region with the same 
was also due to this compound (as shown by double 
resonance experiments). This compound will be referred to 
as compound (12). 
The 1H spectrum revealed four different hydride 
resonances (fig-3.2). These were a doublet of triplets at 
-12.6ppm (Br analogue of (5)), symmetrical multiplets at 
- 13. 1  and -13.Oppm and a doublet of overlapping doublets 
of triplets at -7.6ppm with 2 JHP= 216.7Hz (compound 
(11)). the phosphine region consisted of a doublet of 
triplets centred on 4.5ppm (dominant product), a doublet 
of triplets centred on 4.6ppm and a doublet Of triplets of 
doublets centred on 11.lppm. 
Heteronuclear double resonance experiments were 
carried out on this system using the WH360 n.m.r. 
spectrometer. Various frequencies in the 31 P spectrum 
were irradiated whilst observing the proton spectrum, 
enabling the resonances in each spectrum to be assigned to 
the compounds responsible. Irradiation of a peak due to 
(11) (at -lSOppm in the 31 P spectrum) caused collapse of 
the hydride at -7.6ppm, the large 2HP coupling 
disappeared, and the doublet of multiplets at +Lt.jppm also 
collapsed. Irradiation of the resonance due to (11) in 
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the PEt3 region (at +24.7ppm in the 31 P spectrum) removed 
the triplet coupling from each of these proton resonances. 
Irradiation of the peak at -55ppm in the 31 P spectrum 
due to (10) resulted in collapse of the hydride at 
-13.4ppni to a doublet of triplets and of the doublet of 
triplets at +LL.5ppm to an unresolved resonance. 
Irradiation of the resonance due to (10) in the PEt 3 
region (at .15.7ppm in the 31 spectrum) resulted in 
collapse of the same hydride resonance (to a doublet of 
doublets) and of the same doublet of triplets (to a wide 
doublet). 
Irradiation of the peak at -llOppm in 	the 31 P 
spectrum due to (12) caused collapse of the hydride 
resonance at -13.Oppm to a poorly resolved multiplet. The 
doublet of triplets at .-4.6ppm also collapsed. 
The 
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 n.m.r. spectrum showed a sharp singlet at 
-23.5ppm (probably asr4). a doublet at -21.9ppm (known 
from spectra of pure samples to be PH 3BBr3 ) and a very 
broad peak at -lLLppm which was assumed to be due to 
compound (10). 
As explained in the previous chapter, hydrides trans 
to halides tend to resonate at lower frequencies. The 
hydrides in compounds (10) and (12) both resonate in a 
region expected of hydrides trans to bromide. The hydride 
in compound (11) is clearly trans to a phosphorus as shown 
by the large coupling constant. Compounds (11) and (12) 
appear to be directly analogous to compounds (7) and (6) 
respectively in the chloride system and their spectra are 
very similar in appearance to those of (7) and (6). Their 
n.m.r. parameters are listed in tables 3.1 and 3.2 
together with those of the chloride and iodide analogues 
for comparison. The structures as determined on the basis 











At this stage, no direct evidence was available for 
the presence of carbonyl groups. The n.m.r. parameters 
were typical of six-coordinate rhodium complexes and the 
solution was almost colourless suggesting that the rhodium 
was in the 3+ state as expected so the presence of 
carbonyl ligands was assumed; Later reactions using 
isotopically labelled (9) (enriched with 13C0) confirmed 
the presence of carbonyl groups in these and in compound 
(10) in the expected positions with respect to other 
substituents. The 13 C spectra of (11) and (12) were very 
similar to those of their chloride counterparts. All the 
13 C data are described in greater detail in chapter 5. 
Compound (10) is, perhaps, the most interesting of 
the products as it appears to be the result of oxidative 
addition of PH 3BBr3 to (9), resulting in the formation of 
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the novel -PH2 BBr3 moiety. 	From the n.m.r. data the 
structure appears to be 
PEt 3 
1 Br / 





The resonance for P' exhibits a triplet structure on 
retention of proton coupling but the magnitude of the 
coupling constant (347Hz) is indicative of four-coordinate 
phosphorus. 1 The broadness of the resonance may be due to 
exchange or to quadrupolar relaxation by boron. The 
former seems unlikely as coupling between F' and the 
hydride or the triethylphosphines are well resolved even 
at room temperature. 
The chemical shift of P' changes dramatically when 
BC1 3 replaces BBr 3 as described in the reaction of (9) 
with FH3BC1 3 , and the microanalysis data (chapter 6) Is 
consistent with a total of four bromine atoms in the whole 
molecule. It appears, therefore, that the BBr 3 group has 
remained bound to the phosphorus. The n.m.r. parameters 
of (10) are given in table 3.3. 
The presence of (12) may have been due to a small 
amount of HBr contaminant in the BBr 3 . It was thought 
that this might react with (10) giving (12) and BBr4. 
Initial attempts at purifying either the BBr 3 or Its 
phosphine adduct were unsuccessful and had to await the 
construction of an all-glass distillation apparatus. When 
HBr-free BBr 3 was finally obtained its adduct with PH 3 was 
prepared and reacted with (9) giving (10) as the sole 
product. 
When the reaction was carried out using the PH 3BBr 3 
adduct to which one equivalent of HBr had been added the 
yield of (10) was much diminished while those of (11) and 
especially (12) were much improved. When DC1 was used 
instead of HBr the 31. P resonance at -109ppm due to (12) 
was broadened and very complex suggesting deuteration of 
the -PH3 group. These two reactions also generated small 
amounts of a new species (13) described in the next 
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Table 3.1: 31 P and H n.m.r. parameters for compound (11) 








Chemical shifts (in ppm). 
x &P 6P' 	811' 811 
Cl +27.5 -143.6 	+4.0 -7.4 
Br +24.7 -149.7 	+4.1 -7.6 
I -158 -7.8 
Coupling constants (in Hz). 
X Cl Br 
1 
3PRh 74.3 75•7 
JPeRh 67.4 70.7 	ca.70 
2 jPPI 24.2 24.1 
1 
HRh 10.3 8.9 
2 
HP ca.8.3 8.9 
2 




Solvent = CD2 C1 2 , temperature = 213K. The parameters for 
the iodide compound are very incomplete as it was only 
formed in very small amounts. 
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Table 3.2: 31 P and ft n.m.r. parameters for compound (12) 








Chemical shifts (in ppm). 
X SP' SP. 614' 6FF 
Cl -108.4 +21.3 +4.5 -14.0 
Br -108.8 +19.2 +4.7 - 13.0 
I -116.0 +15.8 +5.0 -11.3 
Coupling constants (in Hz). 
Cl Br I 
3P'Rh 94.7 94.9 93.3 
3PRh 73.4 72.2 72.7 
2 
41.8 40.5 40.6 
397.0 396.5 396.0 
3 
H'P 7.8 7.8 7.9 
3HRh 15.2 18.0 18.3 
2 
3HP 10.0 9.4 9.3 
2 19.6 18.8 18.0 
Solvent = CD 2C1 2 , temperature = 213K. 
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Table 3.3: 
31  P and I R n.m.r. parameters for compound (10) 




OC —Rh —P'H' 2BX 3 
PEt 3 
Chemical shifts (in ppm). 
V X bP 8P' 811 6H' 8115 
Br Cl +16.1 -67.4 -13.5 +4.0 +4 
Br Br +15.7 -56.2 -13.4 +4.5 -14 
I Br +12.3 -61.8 -11.6 +LL7 -13 
I Cl +12.7 -74 -11.8 +4.2 +4 
Coupling constants 	(in Hz). 
V Br Br I I 
X Cl Br Br Cl 
PRh 76.8 77.14 76.6 76.6 
2,, 
35.2 314.9 33.6 34.0 
342.6 346.9 .348.6 345 
3H'P 11.0 10.8 10.8 11 
Due to the complexity of the hydride resonance it was 	not 
possible to ascertain all the couplings to the hydride. 
In the case 	where 	V X 	= Br, 	selective decoupling 
experiments 	simplified the resonance and 3 HRh' 31W and 
were estimated as 	ca.18. 11 and ca.22Hz 
respectively. 
104 
3.3 Reaction of (9) with PH 3BBr3 , HBr and PH 3' 
It was hoped that by generating (12) and adding PH3 , 
it might be possible to form the bromide equivalent of the 
six-coordinate species (A) with two trans -PH 3 groups. 
RhBr(C0)(PEt 3 ) 2 (9) was first reacted with PH 3BBr 3 and HBr 
as it was known that this mixture gave a good yield of 
(12). One equivalent of phosphine was then added and the 
tube sealed. The 31 P-{ 1H} n.m.r. spectrum of this (fig. 
3.3) was the same at all temperatures from 183K to room 
temperature. (12) was the main product together with a 
little (10), (11) and the oxidative addition product of 
(9) and HBr. In addition a new compound (13) was present. 
This gave rise to broad peaks at -78 and -99ppm and a 
resonance in the triethylphosphine region which overlapped 
with that due to (10) so that its multiplicity could not 
be determined at this stage. (It was later found to be a 
doublet of doublets of doublets from reactions of 
RhNCS(CO) (PEt 3 ) 2 described later). 
These broad peaks were very similar in appearance to 
that caused by the -PH 2BBr 3 group in (10). On retention 
of proton coupling they each acquired a triplet splitting 
of around 34OHz. They were therefore attributed to 
-PH2 BBr3 moieties. 
The hydride region of the proton spectrum (fig. 3.11) 
contained a new resonance. This was a wide doublet 	JHP  
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= 133Hz, is. hydride trans to phosphorus) of multiplets 
centred on -8.4ppm. The region associated with hydrogen 
bound to phosphorus is shown in fig. 3.5. The wide 
doublet centred on 6ppm is due to PH 3BBr 3 and the singlet 
at 5.3ppm is due to CH 2C1 2 in the solvent. To assist in 
the description of the heteronuclear selective decoupling 
experiments carried out on this system the other 
resonances in fig. 3.5 are numbered with the compounds 
they are due to. Thus the strong triplets are labelled 
(12) as they are caused by the PH3 groups in compound 
(12). 	There were two new resonances in this spectrum due 
to the two -PH 2BBr 3 groups in compound (13). 	These are 
labelled 13P. and 135. The resonances labelled 138 were 
partially obscured by overlap with resonances from (10) 
and (12) but became clear when these latter resonances 
were collapsed by selective decoupling. 13A consists of a 
large doublet I JHP = 330Hz) of triplets of doublets. 138 
consists of a large doublet 1Hp = 330Hz) of triplets. 
To prove that these new resonances were all caused by 
the same compound and to determine which -PH 2 BBr 3 group 
was trans to hydride, the new resonances in the 
31 
 P n.m.r. 
spectrum at -99, -78 and +16ppm were irradiated whilst 
observing the 
I  H n.m.r. spectrum. Irradiation at -99ppm 
in the 
31 
 spectrum removed the large doublet coupling in 
the hydride resonance at -8.4ppm without affecting the 
other hydride resonances, showing that the phosphorus 
resonating at -ggppm was the one trans to the hydride. 
Irradiation at this position also affected the PH region. 
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The resonances due to (12) were reduced in intensity but 
only 13A and 13B were significantly affected. 13B was 
completely collapsed to a broad hump. 13A lost only the 
fine doublet splitting. 13B must therefore be caused by 
the hydrogens on the -PH 2 Bar 3 group resonating at - 99ppm 
in the 31P spectrum. 
Irradiation at -78ppm in the 31 P spectrum collapsed 
13A to a broad hump but left the other PH resonances 
unchanged. The hydride resonance at -8.4ppm lost a small 
doublet coupling leaving a wide doublet of overlapping 
doublets of triplets which resembled quartets. 
Irradiation at •lôppni resulted in loss of the triplet 
coupling in all the proton resonances of compound (13). 
From this data it was concluded that (13) contained 
equivalent (therefore trans) PEt 3 groups, two -PH 2BBr 3 
groups and a hydride. The -PH 2 BBr 3 group resonating at 
-99ppm in the 31 P spectrum was trans to the hydride, the 
other cis. The structure is therefore most probably 
PEt 3 
/ PH2BBr3 




No 13C data was obtained for this species owing to 
lack of time and materials. However, the compound was 
subsequently prepared in the iodide and thiocyanate 
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systems. In each case all the n.m.r. parameters (table 
3,4) were identical, which is not what would be expected 
if a halide (or NCS) were bound to rhodium in place of 
carbonyl. Furthermore, no free carbon monoxide gas was 
ever detected in any of these systems. 
3.4 Reaction of (9) with PH 33C1 3 . 
The reaction of RhBr(CO)(PEt 3 ) 2 (9) with PH 3BC1 3 
produced a small amount of (12) and a very small amount of 
(ii.) but the main product was a compound directly 
analogous to (10) and with very similar n.m.r. spectra. 
Two differences in the n.m.r. spectra were noted, however. 
While the 31 chemical shift of the PEt 3 groups was 
almost unchanged, the chemical shift of the other 
phosphorus had changed from -56ppm in compound (10) to 
-67ppm and the 11B chemical shift had changed from -llLppm 
to .-iLppm. The other n.m.r. parameters were virtually 
unaffected, the next largest change being a decrease in 
chemical shift of 0.5ppm of the protons in the -PR2 3C1 3 
group. The fact that the nuclei in this part of the 
molecule showed considerable halogen dependence whilst 
those in the rest of molecule were relatively unaffected 
is further evidence for the presence of BX 3 bound to 
phosphorus. 
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Fig. 3.3. 	31 P-(
" H1 	n.m.r. 	spectrum 	of the reaction of 
RhBr(CO)(PEt 3 ) 2 with PH 3BBr3 , HBr and PH 3 in CD2 C1 2 at 211k. The 
resonances below -50ppm are labelled to show which compounds they 
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Fig. 3.4. 	Hydride region of the H n.m.r. 
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Fig. 3.5. 	Phosphine region of the 1H n.m.r. spectrum of the 	
12 
reaction of RhBr(CO)(pEt 3 ) 2 with PH 3BBr 3 . HBr and PH 3 in CD 2C1 2 
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Table 3.11: 31 and I H n.m.r. parameters for compound (13). 
PEt 3 
1 P'H' 2 BBP 3 / 
OC - Rh - F"H" 2 BBr 3 
H / I 
PEt 3 
Chemical shifts (in ppm). 
6? 	 6?' 	6?" 	6H 
	
SN' 	SN" 
+16.0 	-99 	-77 	-8.11 
	+11.6 	+4.3 
Coupling constants (in Hz). 
3 FRh 	3HRh 	3HF 
73.6 	ca.12.4 	ca.12 
3HF' 	3HF" 
132.7 	ca.12.4 	3115.5 
1 	 3 	 3 
348 	ca. 10 	11.5 
Solvent = CD 2C1 2 , temperature = 213K, couplings between H' 
and P or F" were not observed due to overlap with other 
resonances. The PEt 3 resonance in the 31 P-{ 1H} spectrum 
showed two 
2 
 Jpp couplings (18.3 and 30.5Hz). It was not 
possible to tell which was the F?' coupling and which was 
the F?" coupling. 
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3.5 Reaction of RhI(CO)(PEt 3 ) 2 (iLL) with PH 3BBr 3 . 
The reaction of RhI(CO)(PEt 3 ) 2 (ill) with PH3BBr 3 gave 
as its main product a compound causing a doublet of 
doublets to appear at ~ 12ppm and a strong broad peak at 
-62ppm in the 31P{ 1H} n.m.r. spectrum. On retention of 
proton coupling the latter became a wide triplet with 
ca. 350Hz. This resonance was therefore attributed to a 
-PH 2 BBr3 group. The main hydride resonance in the proton 
spectrum was very similar to that of compound (10) but 
with a slightly different chemical shift (-11.6ppm instead 
of -13.4ppm). The spectra suggested a compound directly 
analogous to (10) but with an iodide bound to rhodium 
instead of bromide, hence the slightly different chemical 
shifts. 
The other products observed in this reaction were 
minor amounts of the five-coordinate bis-PH 3 compound (2) 
and the bis-PH2BBr 3 compound (13) which both had 
parameters identical to those found when these compounds 
are generated in other halide systems. Some of the iodide 
equivalent of (12) was also observed. The spectra of this 
were similar in appearance to its chloride and bromide 
analogues, having the same multiplicities and similar 
coupling constants but rather different chemical shifts 
(table 3.2) confirming the presence of a halogen bound to 
rhodium in these compounds. Only a trace of the iodide 
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equivalent of (11) was observed and some weak, broad and 
unresolved peaks at -71, -83 and -lOAppm remained 
unidentified. 
As with the bromide system, repeating the reaction 
but with one equivalent of HBr added increased the yield 
of (12) and decreased the yield of (10). It was not 
possible to obtain significant wields of the iodide 
analogue of (11) so the n.m.r. data for this remain 
incomplete. 
3.6 Reaction of (lit) with PH 3 BC1 3 . 
Reaction of (14) with PH 3 BC1 3 gave, as expected, a 
product analogous to (10) but with different halogens on 
the boron and on the rhodium. the heavier halogen would 
be expected to remain bound to the metal  and the hydride 
chemical shift bears this out being similar to those of 
the other products in the iodide systems but to higher 
frequency than the bromide analogues. The chemical shifts 
of the phosphorus and the 
115 
 in the -P142 5C1 3 group were 
similar to those found in the reaction of (9) with 
PH 3 BC1 3 . 
• 	The 31P and 
114 
 n.m.r. parameters of 	all 	these 
analogous -PH 25x 3 species are listed in table 3.3 for 
comparison. 
3.7 Reaction of (lit) with PH 38F 3 . 
As explained in chapter 1, the P14 3BF3 adduct does not 
exist as such in solution. It was expected, therefore, 
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that reaction of this with (lit) would be more akin to the 
reaction of free PH 3 and/or SF3 with (lit) than like the 
reactions of the adducts of phosphine with Sd 3 or B3r 3 . 
As predicted, this reaction did produce as its main 
product the five-coordinate bis-PH 3 species (2). However, 
in the 31 P-{ 1H} n.m.r. spectrum, two weak, broad peaks 
were visible at ca. -89 and -115ppm and there was a 
complex, overlapping resonance in the triethyiphosphine 
region at ca. .15ppm. The proton spectrum revealed 
several hydride resonances at -11 to -12ppm. Again these 
were complicated by overlapping with each other making it 
impossible to derive structural information from them. A 
doublet of triplets centred on + 4.8ppm in the proton 
spectrum had parameters very similar to those of the 
iodide equivalent of (12) and, together with one of the 
hydride resonances and the 
31 
 resonance at -115ppm, is 
probably due to this compound. 	Also in the phosphine 
region of the proton spectrum was a doublet 	1HP = ca. 
320Hz) of broad resonances centred on 3.lppm which had not 
been observed before. 
These observations suggested that, although formation 
of (2) was the dominant reaction occurring in this system, 
there were other reactions also. The presence of at least 
two new hydride resonances suggested that oxidative 
addition had taken place; however, it was only from the 
19 
n.m.r. spectrum that direct evidence for the presence 
of -PH 23F 3 groups could be obtained. At 217K, the 
19 F-{ 1H} n.m.r. spectrum showed a prominent singlet at 
115 
-143ppm (BF 3 ) and a multiplet at - 132ppm consisting of a 
doublet 	2FP = 207Hz) of 1:1:1:1 quartets 	3FB = 55Hz). 
This may have been due to a -PH 2BF3 group. 	It is not 
consistent with free PH 3BF 3 adduct. 	(It was found by 
experiment that the 19 F n.m.r. spectrum of a mixture of 
equal parts BF and PH 3 gave rise to a singlet at -121ppm 
even at 191K). The coupling constants seem not 
unreasonable; in the adduct Me 2 PH.BF3 the PF coupling is 
275Hz and the 11 BFcoupling 54Nt. 3 Unfortunately, it was 
not possible to resolve coupling to the protons. 
It 	seems 	possible that oxidative addition has 




OC - Rh - PH 2BF3 
/ 
H 
FE t 3 
but it must be stressed that the spectra obtained to date 
are inadequate for a proper characterisation. 
It is possible that the broad resonance at -89ppm in 
the 31P spectrum may be due to a -PH2BF3 group in a 
compound such as the one above. Its chemical shift 
follows the trend observed in going from bromide to 
chloride, ie. a shift to lower frequency of the phosphorus 
resonance of the -PH 2BX 3 group. 
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3.8 Reaction of RhNCS(CO)(PEt 3 ) 2 (15) with PH 3BC1 3 . 
The reaction of RhHCS(CO)(PEt 3 ) 2 (15) with PH 3BC1 3 
was found to be complex, giving rise to a mixture of 
products. These were mostly compounds that had previously 
been observed in the chloride systems so that their 31k, 
and I H n.m.r. spectra were already familiar, making 
identification of them relatively simple. The three main 
products were the five-coordinate species (2) and (3) and 
the six-coordinate tris-PH 3 compound (8). Minor amounts 
of the six-coordinate compounds (7) and (LI) were also 
observed. A weak, broad resonance at -84ppm in the 
31 P-( IHI n.m.r. spectrum remained unidentified. 
3.9 Reaction of (15) with FH 3BBr 3 . 
The reaction of (15) with PH 3BBr 3 was complete at 
193K giving the bis-PH 2BBr 3 compound (13) as the main 
product. The 31 P resonance of the PEt 3 groups in this 
compound was free from overlap by other resonances and was 
a doublet of doublets of doubletsas expected. Also 
present (according to the 31 P-{ 1H} spectrum) in small 
amounts were (2). two weak, broad resonances at -60 and 
-85ppm and, in the PEt 3 region, two strong doublets and 
one weak doublet with chemical shifts of 30.0, 26.9 and 
25.5ppm and 1 J PRh couplings of 74, 75 and 75Hz 
respectively and some weak peaks around +18 to +25ppin. 
In the proton spectrum, five hydride resonances were 
observed. The strongest, a wide doublet of multiplets at 
-8.5ppm, was due to (13). Three resonances, each a 
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doublet of triplets, were observed at -11.1. -12.3 and 
-14.lppm. These probably represent various isomers formed 
by oxidative addition of HEr to (15) with hydride trans to 
carbonyl, NCS or Er. The doublets in the PEt 3 region of 
the alp spectrum were probably also due to the same 
compounds. Confirmation of this was obtained by reacting 
HEr with (15). The same three species with the same 
n.m.r. parameters resulted, albeit in different 
proportions, the one responsible for the hydride resonance 
at -12.3ppm being dominant. No attempt was made to 
characterise these isomers further. For this, enrichment 
13 	 15 
with 	C at the carbonyl position and, perhaps, 	N in the 
NCS group would be neccessary. 
The other hydride resonance was a weak, wide 	 = 
174Hz) doublet of doublets of triplets. ( 2 J flp = 8Hz, 3HRh 
= 111Hz) at -7.lppm. This hadnot been observed before and 
may correspond to one of the broad resonances in the 31 P 
spectrum. The large doublet coupling suggests a 
phosphorus trans to the hydride but the compound remained 
unidentified. 
Repeating the reaction with (15) and PH 3BSr 3 in the 
ratio 1:2 did not improve the yield of (13) and led to the 
formation of a small amount of the six-coordinate, 
mono-phosphine species (12). 
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Reactions of RhHBr(C0)(PEt3)2(li2BBr3) (10). 
The effects of a variety of simple reagents on this 
species, and in particular on the novel -PH 2 BBr3 moiety 
were investigated. The reactions were carried out using 
pure (10) isolated from the reaction of (9) with PH3BBr 3 . 
31 
Each batch of (10) was checked by 	P n.m.r. for purity 
before being used, while still fresh, for the various 
reactions. 
PEt 3 
1 Br / 





3.10 Reaction of (10) with HX 
As described already, it was observed that reaction 
of (9) with PH 3BBr3 contaminated by HBr resulted in the 
formation of some (11) and (12). Deliberately adding HBr 
to the PH3BBr 3 adduct prior to reaction with (9) enhanced 
the yields of these two mono-phosphine species, 
particularly (12). 
HBr and HC1 were found not to react with pre-formed 
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(10), even at room temperature. Only with an extremely 
large excess (ca. 8-fold) of HEr was the formation of a 
small amount of (12) observed. It appears that the 
processes leading to formation of (11) and (12) do not 
involve (10). Reaction between HEr and the -PH 2 EBr 3 group 
might have been expected to give a -PH3 group and B8r4 
but this does not appear to happen. One possible route to 
formation of (11) and (12) is oxidative addition (with 
loss of PH 3)  to the five-coordinate bis-PH 3 species (2). 
When this was tried, RhHBr 2 (CO)(PEt 3 ) 2 was the sole final 
product, but a very minor amount of (12) was observed 
briefly at 190K. No reaction was observed between (10) 
and a mixture of HEr and 58r 3 (which should generate 
H 4 (BBr4]). 
3.11 Reaction of (10) with PEr 5 . 
To a frozen solution 	of 	(10) 	in 	CD2C1 2 	a 
stoichiometric quantity of PEr 5 was added and the tube 
evacuated and sealed. No reaction was observed until 213K 
at which temperature a broad resonance appeared at -75ppm 
and a doublet of doublets at +8.7ppm in the 
n.m.r. spectrum. Also present was a much larger amount of 
unreacted (10) and some PEr 3 (causing a singlet at 
.-228ppm). 	The broad resonance at -75ppm was very similar 
in appearance to the broad resonance due to the -PH2 BBr3 
group in (10) and, on retention of proton coupling, it 
became a wide triplet. 	The 
31 
 P 	spectrum therefore 
suggested a compound (16) similar to (10) and containing a 
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-PH2 BBr3 group. 
The proton spectrum contained only one hydride 
resonance - that due to (10). It was concluded that (16) 
must contain no hydride. Presumably the hydride had been 
replaced by a ligand that did not couple to the other 
nuclei, bromide being the obvious candidate. The 
phosphine region of the proton spectrum contained a new 
resonance consisting of a doublet of triplets at -'-4.7ppm, 
the doublet coupling being 3118Hz. This was assigned to 
the protons in the -PH 2BBr3 group in (16). The structure 
of (16) is probably 
PEt 3 
1 Br / 




There was no direct evidence for the presence of a 
carbonyl ligand and there was insufficient time to use 13 C 
enrichment and 13C n.m.r. However, this was done in the 
reaction of bromine with (10) described later in which it 
was found that CO had remained in both the products. 
Furthermore, no free carbon monoxide gas was detected in 
this tube. The n.m.r. parameters of (16) are given in 
table 3.5. 
Reaction with an excess of PBr 5 produced small 
amounts of a -PH 3 containing species (17) with a 31 P 
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resonance at -102ppm. 	This was also formed in the 
reactions of (10) with PC1 5 and with Br2 where it is 
described in more detail. 
3.12 Reaction of (10) with PC1 5 
At 213K, the 31p_{ ljf} n.m.r. spectrum of a mixture of 
(10) and PC1 5 in CD 2 C1 2 showed three resonances below 
Oppm. These we 'e a broad hump at -56ppm merging into a 
much stronger one at -67ppm and a doublet of triplets at 
-102ppm. The resonance at -56ppm was unreacted (10). 
From the reaction of PH3BC1 3 with (9) it was known, that 
the resonance at -67ppm corresponded to a -PH 2 BC1 3 group 
in a compound directly analogous to (10). 
The PEt 3 region contained overlapping resonances at 
416ppm as would be expected of a mixture of compounds like 
(10) but with a mixture of halogens on the boron. It 
appeared from the 31 P spectrum that the main reaction had 
been an exchange of halogens between the PC1 5 and the 88r 3 
group in (10). The fully chlorinated equivalent of (10) 
(ie. containing a -PH 2BC1 3 group) predominated but some 
fully brominated (10) remained. The fact that the 31 P 
resonance of the -PH 2 BX 3 groups merged into each other 
suggests that there may also have been compounds present 
with only partial replacement of Br by Cl. As would be 
expected if halogen exchange had occurred, a singlet at 
+228ppm showed that PBr3 was present. 
The 31 P resonance at -102ppm became, when proton 
coupling was retained, a quartet of doublets of triplets. 
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The quartet coupling (407Hz) showed it was clue to a -PH 3 
group. There was no additional coupling attributable to 
hydride so it was concluded that the compound contained no 
hydride (a fact confirmed by the absence of any new 
hydride resonance in the proton spectrum). In the PEt 3 
region, a doublet of doublets with the same 2 i pp value 
(37Hz) was assumed to represent the triethyiphosphines of 
this new compound (17). 
The proton spectrum confirmed these observations. 
The hydride resonance was broad and poorly resolved as 
would be expected of several very similar compounds of the 
same type as (10). It showed no great change in chemical 
shift so it was assumed that bromide had remained bound to 
rhodium. 
The phosphine region of the proton spectrum showed 
four sets of very similar doublets of triplets. The 
coupling constants were very similar to those for (10) and 
its BC]. 3 analogue. The chemical shifts were (in ppm): 
.4.53 (10), .4.35, +4.16 and +4.00 (BC1 3 analogue of 
(10)). It was assumed that these represented compounds 
with 0, 1, 2 and 3 chlorine atoms on the boron. If these 
chemical shift values are plotted against the number of 
chlorine atoms the result is a straight line. It has been 
observed before that the proton chemical shift in 
phosphine-boron trihalide adducts moves to lower frequency 
as the halogens on the boron get lighter. 3 
Also present in the phosphine region of the proton 
spectrum was a new doublet of triplets at +5.1ppm with a 
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doublet coupling of 407Hz. This was therefore assigned to 
the new compound (17) with a -PH 3 group resonating at 
-102ppm in the 31 P spectrum, which showed the same value 
for 1PH appears that in this compound the hydride 
has been replaced by a nucleus with no effect in the 
n.m.r. spectrum, presumably a halide. The same compound, 
with identical parameters, was observed in the reaction of 
(10) with bromine and with excess P5r 5 and, as rhodium 
tends to bond more readily to heavier halogens, it was 
assumed that hydride had been replaced by bromide rather 








The presence of carbonyl was confirmed by 13C n.m.r. 
described in the reaction of (10) with bromine. 
3.13 Reaction of (10) with PF 5 
Reaction of (10) with PF5 commenced at around 213K 
and was found to be complex. The 31 P-{ 1H} n.m.r. spectrum 
at this temperature revealed the presence of (10), (17) 
and three unresolved resonances at -74, -117 and -142ppir 
together with three doublets of doublets and two doublets 
in the triethylphosphine region. The proton spectrum 
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showed at least four different resonances. It was not 
possible to characterise these products properly. 
At room temperature, the mixture had simplified 
considerably. (17) was the main product. In the PEt 3 
region of the 31 P-{ 1H} spectrum there were two weak 
doublets with chemical shifts of 10 and 21ppm and with 
3Pikh values of 72 and 81Hz respectively suggesting 
six-coordinate species. The latter could be 
RhHBr2 (CO)(PEt 3 ) 2 , the 	former 	RhBr3 (C0)(PEt 3 ) 2 	(see 
reaction of (10) with bromine). Also observed in the 
31 P-( 1H} spectrum were peaks due to PBr 3 (showing that 
halogen exchange had occurred between PF5 and 88r3 ), 
unreacted PF5 and an unidentified peak at -144ppm which 
was unaffected by retention of proton coupling. 
3.14 Reaction of (10) with Br 2 
To facilitate the handling of bromine a one molar 
solution in eCla was used, this being added to a frozen 
solution of (10) in CO 2C1 2 . Reaction with an 
approximately stoichiometric ratio of (10) and Br 2 gave 
two products in addition to unreacted (10). These were 
identified as compounds (16) and (17), the former being 
dominant. (16) was also the dominant product of the 
reaction of PBr 5 with (10) and, when PBr 5 was present in 
large excess, small amounts of (17) were also observed. 
Their presence in the reaction of (10) with bromine is not 
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surprising. 	In solution, PEr 5 dissociates into PEr 3 and 
Er 2 and would be expected to act like free bromine. 
Reaction of (10) with a large excess of bromine gave 
only a trace of (16) but large yields of (17) and another 
compound (18), the latter two being present in 
approximately equal amounts. (18) gave rise to a strong 
doublet in the 31 P-{ 1H} spectrum. This was at •10.7ppm 
With JPRh = 72.1Hz. There was no hydride resonance in 
the proton spectrum. The magnitude of I JPRhis typical of 
six-coordinate rhodium and in a highly oxidising 
environment, such as a solution of bromine, rhodium in an 
oxidation state less than 3+ would be unlikely. (18) 
contained no hydride and no phosphorus-containing group 
other than PEt 3 . 
By means of 13 C enrichment at the carbonyl position 
it was possible to demonstrate thAt (17) and (18) each 
contained a carbonyl group. The 
31
P resonances showed an 
extra coupling as would be expected. The PH3 resonance of 
showed a particularly large coupling (almost 170Hz, 
the largest 2 J pC coupling observed in this work) showing 
that the carbonyl group had remained trans to phosphorus. 
The 13C n.m.r. spectrum was the same whether proton 
coupled or decoupled, as would be expected if (17) and 
contained 	no 	hydrides. 	There were Just two 
resonances in the carbonyl region. These were a doublet 
of 	doublets 	of triplets (with trans 2 JCP= 168Hz) 
attributed to (17) and a doublet of triplets attributed to 
(18). The cis 2 J Cp couplings between the carbonyl and PEt 3 
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groups agreed to within 0.1Hz with those observed in the 
31 P spectrum. This data helped substantiate the proposed 
structure for (17) with a carbonyl group trans to PH 3 and 
also suggested the structure below for (18) 
PEt 3 
1 Br / 




The reaction of bromine with the four-coordinate 
starting material (9) would be expected to produce this 
compound by oxidative addition and would be a was' of 
confirming the identity • of (18). Regrettably there was 
insufficient time to attempt this. The chloride analogue 
has been prepared by chlorination of RhC1(CO)(PEt 3 ) 2 and 
the tributyiphosphine analogue has been made by reaction 
of bromine with RhBr(CO)(PBun$)2 a but no n.m.r. data were 
given. 
1 	31 
The H and 	P n.m.r. parameters of compounds (16). 
(17) and (18) are listed in table 3.5. The 13C parameters 
are given in chapter 5. 
3.15 Reaction of (10) with C1 2 
Reaction of (10) with one equivalent of C1 2 resulted 
in the formation of (16) and minor (17) together with much 
unreacted (10) as shown by the 31 P-{ 1H} n.m.r. spectrum. 
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The chemical shifts of the phosphorus nuclei in the PEt 3 
groups were the same suggesting that the heavier halogen, 
bromide, was bound to the rhodium. The 
31
P chemical 
shifts of the -PH 2BX 3 groups in (10) and (16) were shifted 
very slightly (by 3.2 and 1.1ppm respectively) to lower 
frequency and appeared slightly broader than normal. It 
is possible that there was some replacement by chlorine of 
the bromine in these compounds. 
3.16 Reaction of (10) with SF,, 
A stoichiometric quantity of 
frozen solution of (to) in CD 2C1 2 a 
Reaction commenced at around 213K. 
:1_1 - 
SF4 was added to a 
the tube sealed. 
At this temperature. 
the PEt 3 region of the 	P-( H) spectrum contained two 
prominent doublets of doublets, two very weak ones and a 
doublet. Also in the 31 P-{ 1H} spectrum was a resonance at 
-46ppm which appeared to consist of two separate 
resonances, possibly doublets of triplets, overlapping. 
At this temperature, the resonance at -46ppm rapidly 
simplified to a doublet of triplets and, simultaneously, 
one of the strong doublets of doublets in the 
triethylphosphine region diminished while the other grew. 
Presumably two main products were present, one a precursor 
to the other. As the former diminished the latter grew. 
It was not possible to obtain any more information about 
the first product which rapidly c1tappeared but 
proton-coupled 
31 
 and proton spectra were obtained of the 
final, more stable, product at 213K. 
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The final product (19), which was also the dominant 
one, gave rise to a doublet of doublets at .13.3ppm and a 
doublet of triplets at -46.7ppm. On retention of proton 
coupling the latter became a triplet of doublets of 
triplets with 1PH = 456Hz. This was the largest 1 J p 
coupling observed in this work but was still firmly in the 
range expected of four-coordinate phosphorus. 1 This 
resonance must therefore be due to a -PH 2X group bound to 
rhodium. The well-resolved nature of the resonance showed 
that X was not likely to be boron and X does not couple to 
the phosphorus. Even when run on a very narrow width, the 
31 P-{ 1H} n.m.r.. spectrum showed no fine couplings to the 
phosphorus so X was unlikely to contain fluorine atoms as 
coupling to these should be observed. 	The most likely 
candidate 	is probably sulphur doubly bonded to the 
phosphorus resulting in a -PH 2 S group. 	Similar moieties 
such as -PH 2Se and -PHXE (X= F. Cl; E = 0. S. Se) are 
known 5.  Some of these also have large 1PH  values (around 
500Hz). 
The proton-coupled 31 P resonance of this group showed 
no additional coupling attributable to hydride. Apart 
from a doublet of triplets, the only hydride resonances in 
the proton spectrum were weak and poorly resolved. It was 
concluded that, in common with the other reactions of 
(10), hydride had been replaced by bromide. In this case 
B6r3 being the only bromide source. 
If (19) contains a -PH 2S group then this leaves a lot 
of 	fluorine 	atoms 	unaccounted 	for. 	Possibly 	a 
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disproportionation reaction occurred leading to formation 
of SF6 and (19) or its precursor. Without more 
information it is possible only to speculate on the nature 
of this precursor (if precursor it is). It could be that 
the -PH 2S group is formed in the first stage and that the 
hydride in this precursor is then replaced by bromide to 
give (19). It would be necessary to repeat the reaction 
and follow it by 1 H and F n.m.r. to obtain more data and 
to use 
13 
 C enrichment to demonstrate the presence of a 
carbonyl ligand. Assuming that the -PH 2X group really is 
a -PH2S group, the structure of (19) is probably 
PEt 3 
I Br / 




Its n.m.r. parameters are given in table 3.5. 
3.17 Other reactions of (10). 
It had been hoped that it would be possible to remove 
the BBr 3 group from (10) leaving a terminal -PH 2 group. 
The bases pyridine and methyl, dimethyl and triniethylasnine 
were all tried but without success. The analogue of (10) 
but with BC13 in place of BBr 3 was also reacted with Me 3N 
in the hope that the weaker P-B bond would be easier to 
break. This reaction gave rise to many broad, unresolved 
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resonances in the 	 spectrum and characterisation 
of these was not possible. Reaction of (10) with (PrN)I 
was also attempted in the hope that this would cause 
formation of the stable tetrahedral SIBr3 anion. There 
was no reaction. 
There was also no reaction between (10) and more of 
the PH 3BBr 3 adduct which was attempted in the hope of 
generating the bis-PH 203r3 species (13). 
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Table 3.5: 31 P and I H n.m.r. parameters for compounds 








Chemical shifts (in ppm). 
X compound BP OP ,  OH 
P'H2 BBr 3  +8.7 -74.7 +4.7 
P'H3  +13.0 -101.6 +5.1 
Br  +10.7 - - 
P'112 S  +13.9 -46.7 +5.8 
Coupling constants (in Hz). 
X 3 PRh 3P'Rh J PPI 3 P'H J JfP 
P'H2 BBr 3 69 nd. 28 348.1 10.0 
P'H3 66.7 88 36.8 1106.7 7.0 
Br 72.1 - - - - 
P'H2 S 65.8 96.7 37.7 455.6 10.2 
Solvent = CD 2C12,  temperature = 	298K (except when 	X 	= 
P'H2 S; 	then temp. = 213K). 	n.d. 	= not determinable. 
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3.18 Summary and discussion of the reactions described in 
this chapter and in chapter 2. 
The reactions of RhCl(CO)(PEt 3 ) 2 are summarised in 
chapter 2. The reactions of the bromide and iodide 
complexes were rather different to those of the chloride. 
As was said before, the reaction of phosphine with the 
four-coordinate starting material was the same in all 
cases. However, no reaction was observed between the 
bromide and iodide equivalents of (5) (the oxidative 
addition product of HC1 and (1)) and PH 3 , even after 
several days at room temperature. This was in contrast to 
the variety of reactions observed in the chloride system. 
In the reactions between PH 3BX 3 (X = Cl, Br) and the 
four-coordinate substrates, oxidative addition was the 
norm, producing species with -PH 2 BX3 groups. Again this 
was in contrast to the chloride system in which no such 
oxidative addition was observed. It appears that the 
heavier halides make the metal centre more likely to 
undergo oxidative addition reactions. 	This is to be 
expected. 	An increase in electron density on the metal 
centre favours oxidative addition and it is known that in 
complexes of the type t-RhX(CO)L 2 , electron density on the 
rhodium increases with a decrease in the electronegativity 
of X. 6 Rhodium also bonds more strongly to the heavier 
halogens; this and the greater tendency towards oxidative 
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addition of the bromide and iodide systems may also 
account for the inertness towards PH3 of the HX adducts 
RhHX 2 (CO) (PEt 3 ) 2 . 
In 	the 	case of RhNCS(CO)(PEt 3 ) 2 , no oxidative 
addition of PH 3BC1 3 occurred and in the case of PH 3BBr 3 , 
it could be argued that the NCS complex was converted to 
the bromide complex first (the bromide being derived from 
the BBr 3 ) and that oxidative addition then occurred with 
the resultant bromide complex. It was not possible to 
prove the existence of any analogue of (10) with NCS bound 
to rhodium in place of Br. 
Another factor affecting whether oxidative addition 
predominated or not was the stability of the PH 3BX 3 
adducts. With X = Br or Cl, oxidative addition was the 
norm. When X = F, the association between the BF  and the 
PH3 is very weak and, not surprisingly, this mixture 
behaved more like free PH 3 in its reaction with 
RhI(CO)(PEt 3 ) 2 . Even so, there was some evidence that 
oxidative addition may have occurred, albeit only as a 
minor reaction, to give a -PH 2 BF3 group, 
In the case of compound (10), with the reagents that 
were examined, reaction at hydride seemed to occur more 
readily than at the -PH 2BBr 3 group. The latter is not 
entirely inert as shown by its reaction with SFa and with 
excess bromine. 
3.19 The n.m.r. parameters. 
The n.m.r. parameters are tabulated throughout each 
134 
chapter. In some cases parameters are known for chloride, 
bromide and iodide versions of a complex, enabling trends 
to be observed. The chemical shifts are discussed first. 
The chemical shifts of the hydrides followed the 
pattern reported before, ie. those trans to phosphorus had 
chemical shifts to higher frequency than those trans to 
halide. 7 For example, in the isomers (6) and (7), with 
hydride respectively trans and cis to the chloride, the 
chemical shifts of the hydride are (respectively): -14.0 
and -7.Ltppm. 
The 	same trends as reported before in hydride 
chemical shifts 	were also found to hold true; le. 
hydrides trans to halide move to higher frequency as the 
halide gets heavier (eg. for Cl, Br and I forms of (6) the 
hydride chemical shift goes from -14.0 to -13.0 to 
-11.3pptn respectively) and hydrides cis to halides move 
very slightly to lower frequency as the halide gets 
heavier (-7.4, -7.6 and -7.8ppn respectively for Cl, Br 
and I forms of (7)). 
Phosphorus chemical shifts are known to be very 
difficult to predict, 8 but clear trends were observed in 
this work as the halogens in a series of analogous 
compounds were changed. A consistent tendency for the 31  P 
chemical shifts to move to lower frequency as the halogen 
became heavier (ie. less e'ectronegative and so less 
electron-withdrawing and so less deshielding) was observed 
in all the systems. This was true 69 both PEt 3 and PH3 
groups (and of the -PH 2BX 3 groups so long as X remained 
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the values of OP are +27.2. +22.5 and +15.Oppm for X = Cl, 
Br and I respectively (at 213K in CD 2 C1 2 ). For the 
four-coordinate starting materials, the values of OP are 
+24.11, +22.11 and +20.Qppm for chloride, bromide and iodide 
compounds respectively (at 298K in CDC1 3 ). The 
differences appear to be more pronounced when two halogens 
are being changed at a time rather than one. 
This trend is a general one exhibited by many 
complexes of both rhodium and iridium. The chemical shift 
of the phosphorus in 1iaska's compound, for instance, 
declines steadily from +24.4ppm (fluoride) to +19.5ppm 
(iodide) as the halogen becomes heavier. 9. 10 It is known 
that in compounds of the type RhX(CO)L 2 , as the 
electronegativity of X increases, the electron density on 
the phosphorus atom decreases. The phosphorus atom 
would, therefore, be less shielded and so resonate at a 
higher frequency. 
Exceptions seem to occur only when the phosphorus is 




the chemical shifts of each phosphorus actually increase 
slightly as X changes from Cl to Br to I; this applies 
whether the phosphorus is cis or trans to x.'1 
12 
 The 
same effect occurs also in the rhodium analogue on going 
from Cl to Br (the n.m.r. parameters for the iodide do not 
appear to have been reported). 13 
The chemical shifts of the phosphorus atom in the 
-PH2 BX3 group moved to higher frequency with heavier X 
irrespective of the halogen bound to the rhodium. This 
effect is discussed in greater detail at the end of 
chapter 4. 
The coupling constants of the products showed little 
dependence on the nature of the halogen present and no 
clear trends could be observed. The factors affecting the 
coupling constants were the relative positions of the 
ligands, there being large differences between cis and 
trans couplings. For example, the cis 
2 
 J pp couplings were 
all in the range 24 to 42Hz; the one trans 
2 
 j couplingPp 
observed was 392Hz. this agrees well with literature 
values for transition metal complexes of this type. 
14 
 The 
value for the equatorial 2Jpp coupling in the 
five-coordinate species (2) was found to be 95Hz which is 
intermediate between the cis and trans values as would be 
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expected (see appendix for more examples). 
The 3PH  values were all in the range 314 to 456Hz as 
expected of four-coordinate phosphorus. 1 The 1PRh  values 
for the starting materials were around 115Hz, those for 
the five and six-coordinate products were all between 65 
and 80Hz (for the PEt 3 groups) and 67 to 124Hz (for the 
PH 3 groups). - 
The n.m.r. data appears to be self-consistent. 	Thus 
hydrides believed to be trans to phosphorus on the basis 
of a large 
2 
 J HP value all resonated at frequencies typical 
of such hydrides. Similarly, those hydrides assigned as 
being trans to halide on the basis of their chemical shift 
would therefore be expected to be cis to any phosphorus 
ligands. In such cases the 2 J HP values were small and so 
agreed with such assignments. Further evidence of the 
self-consistency of the n.m.r. data came from 13C n.m.r. 
studies described in chapter 5. 
3.20 Future work 
Simple and obvious variations are to extend the work 
to include BI and to use different pseudohalides on the 
metal. RhNCO(CO)(PEt 3 ) 2 has recently been prepared by a 
worker in this department 15  though an attempt at preparing 
RhCN(co)(PEt 3 ) 2 resulted in a product that was 	too 
air-sensitive to handle easily. 16 	With pseudohalides 
there is also the possibility of 15 N enrichment to extend 
the n.m.r. 
Some preliminary investigations employing PH 2Me in 
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place of PH 3 are described in the appendix. It would be 
Interesting to react silyl phosphine, SiH 3PH 2 17 with 
rhodium and iridium complexes. This could react in a 
number of ways, by coordination through the lone pair on 
the phosphorus atom or by oxidative addition across the 
P-H or Si-P or the Si-H bonds. Compounds of the type 
(SiH 3 ) 2 PH 17 and SiH2(PH2)213  have the potential to give 
rise to bridging compounds. Diphosphine, P 2H, may also 
be of interest. These systems should be characterisable 
by n.m,r. Some reactions of silyl phosphines with 
t-PtHI(PEt 3 ) 2 have already been studied 19 . 	These tended 
to 	give 	species 	with 	-SiH 3 	groups, 	such 	as 
PtI(PEt 3 ) 2 (SiH 3 ). 
The 	reactions 	of 	arsine and 	stibine 	with 
IrX(CQ)(PEt 3 ) 2 (X = Cl. Br) were studied by Mayo. 20 These 
resulted in oxidative addition to give -AsH 2 and -SbH2 
groups. The reactions of arsine and stibine with 
RhX(CO)(PEt 3 ) 2 were studied by Conkie 21 and found to be 
similar. In the course of this work, a reaction of AsH 3 
with RhHC1 2 (CO)(pEt 3 ) 2 (5) was attempted to see if arsine 
would displace any ligands from (5). The compounds 
believed to contain -AsH2 groups were also treated with 
HC1 in the hope of obtaining -AsH 3 groups. However, these 
Investigations were hampered by the fact that arsenic 
cannot be detected by n.m.r. and the protons in -AsH 2 and 
-AsH 3 groups resonate at about the same frequency as those 
in the PEt 3 groups. Also, 311H  is too small to be 
resolved 	in these systems. 	Characterisation of any 
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products was therefore difficult and, accordingly, this 
line of investigation was not pursued far. It may, 
however, be worthwhile if other spinning nuclei ( 13C. 19 F, 
15N) could be introduced to the system. 
More basic PR  groups make Vaska-type compounds more 
likely to undergo oxidative addition reactions. 22 
Replacing PEt 3 with other tertiary phosphine ligands 
Particularly more basic ones, may therefore improve the 
chances of obtaining -PH 2 groups in the reactions with 
PH 3' A brief and incomplete investigation of this 
possibility was carried out. RhX(CO)(PBun3)2 (X = Cl. 
PBu " 3 is about equal to PEt 3 in basicity) was reacted with 
PH3 in the normal way. 	This gave a product directly 
analogous to (2) but with PBun3  in place of PEt 3 . 	The 
n.m.r. parameters were very similar. The reaction did hot 
occur until ca.253K which may be due to steric hindrance 
by the bulky PBun3 groups. The reaction of 
RhC1(CO)(PCy 3 ) 2 with PH3 was also attempted (PCy3 is more 
basic than PEt 3 ) but even after several days at room 
temperature no reaction could be observed. This could be 
due to steric hindrance by the bulky PCy3 groups or to the 
poor solubility of the compound in CD 2C1 2
1 
The DPPE complexes mentioned in connection with 31 P 
chemical shifts would be worthy of investigation as there 
are steric constraints in the molecule, the two tertiary 
Phosphorus atoms are forced into cis positions. Another 
worthwhile extension would be to use RhF(CO)(pEt 3 ) 2 the 
reactions of which could be studied by 19  F n.m.r. 
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Unfortunately, attempts in this department at preparing 
this have so far met with only limited success. 23 
There are numerous other platinum-metal complexes 
that could be worthy of investigation - anything with the 
potential for oxidative addition for example. In the 
course of this work the PH3BX3 adducts were reacted with 
t-PtHY(PEt3 ) 2 . It was found that when V = Br or I. the 
reactions were very complex, giving rise to many products 
that could not be characterised. There was no evidence 
for any -9H2BX3 groups. When V = X = Cl. a simple 
equilibrium was established between the starting material 
and (PtR(PEt 3 ) 2PH3 3 ' . This same equilibrium results when 
PH3 is used in place of its adduct with BC1 3 . 19 
The five-coordinate complex Ru(CO) 3 (PPh 3 )2 was found 
not to react with PH, even at room temperature. 1 
The species (10) containing a -PH 2BBr 3 group has 
great potential for further study. H 28, H2Se and oxidants 
such as oxygen, sulphur, selenium and N 204 may give rise 
to -PH,? groups Pt = 0, S. Se). In the case of Se, the 
presence of the 77  Seisotope with I = 1/2 should prove 
useful. Fluorinating agents such as XeF2 and reagents 
that may react with the BBr 3 group. such as water and 
alcohols, may also be worth trying. 
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REACTIONS WITH IRIDIUM COMPLEXES 
14 11 
Reactions with iridium complexes 
ILl Introduction 
The reactions of IrCl(CO)(PEt 3 ) 2 with phosphine and 
arsine have already been extensively studied by Mayo  and 
are described in chapter 1. He did not investigate the 
reactions of the PH3 5C1 3 adduct itself with 





and obtained a species assigned as being 
PEt 3 
/ PH
2 3d 3 




He did not examine the corresponding bromide system at 
all. 
This chapter describes the reactions of the PH 3BX 3 
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adducts with IrX(CO)(PEt 3 ) 2 (X = Cl, Br). Extensive 
heteronuclear double resonance experiments were carried 
out enabling the bis-PH 2 BC1 3 compound above, together with 
a number of other related species, to be more fully 
characterised. 
In the latter part of the chapter, the chemistry of 
the ionic species [Ir(C0 )3(PEt3)2)sF4 is investigated. 
Very little work appears to have been done on this 




OC - Ir 
CO 
PEt 3 
It was first prepared by Church et a1 2 who prepared a 
series of such compounds with various alkyl phosphine and 
arsine ligands. It was found that they readily underwent 
oxidative addition reactions with hydrogen to form species 
of the type 
I 	CO 
OC — IrH 
where L = PPh 3 , AsPh 3 , PMePh 2 , PEtPh 2 , PEt 3 , PCy 3 , etc. 
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Only in the case where L = PMePh 2 was the reaction 
with HC1 investigated. This was found to produce the 








The species with L = PPh 3 has been the subject of several 
investigations. Walter and Johnson  found that it reacted 
with phenylacetylene forming first Ir(C 2 Ph)(CO) 2 (PPh 3 ) 2 
which then loses CO to produce square planar 
1r(C2 Ph)(CO)(PPh 3 ) 2 . It reacts with N 204 giving a complex 
containing NO  and NO 2 groups  and it has been possible to 
reduce one of the carbonyl ligands with LiBHEt 3 to 
generate the unstable formyl complex Ir(CO) 2 (CHO)(PPh 3 ) 2 6 . 
The triethylphosphine analogue undergoes an oxidative 
addition reaction with phenylacetylene giving 
[IrH(C2 Ph)(CO) 2 (PEt 3 ) 2 ]5ph 4 4 and the reaction with xenon 
difluoride generates the acyl fluoride complex below 7 . 
pEt 3 
I CO / 




In this chapter, the reactions of [Ir(CO) 3 (PEt 3 ) 2 ]BF 
with HX (X = Cl, Br, I), PH 3-  PH3BX3 (X = Cl, Br) and 
SiH3ar are described. Both displacement and oxidative 
addition reactions were observed. A compound containing a 
PH3 group was isolated and some reactions of this are also 
described. 
4.2 Reaction of IrCl(CO)(PEt 3 ) 2 (20) with PH3ca3 
The reaction of (20) with PH3 BC1 3 in methylene 
chloride resulted in three main products. The peaks due 
to the dominant product (21) appear in the 31 P-{ 1H} n.m.r. 
spectrum at 231K (fig. 4.1) as a doublet at -6.Opprn and a 
triplet at -161. Sppm each with the same coupling constant 
(2J, = 19Hz) typical of cis P-P couplings. On retention 
of proton coupling, the triplet becomes a quartet of 
doublets of triplets (fig. 4.2), the doublet coupling 
being 175Hz suggesting a trans hydride. 
Another major product (22) appeared as a doublet of 
doublets at -23ppm and two broad peaks at -120 and 
-132ppm. The broad nature of these peaks suggests that 
they may be due to -PH2 BC1 3 groups. At room temperature 
they exhibit a 1:1:1:1 quartet structure due to coupling 
to 11 B. On retention of proton coupling a broad triplet 
Pattern results. 
The only other compound present in 	significant 
amounts was the oxidative addition product of (20) and IW1 
IrHC1 2 (CO)(flt 3 ) 2 (23) though there were also many very 
weak peaks in the region -30 to Oppm. 
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'0 
Fig. 11.2. Proton-coupled 32.P n.m.r. spectrum of the resonance at 







-130 	 -lao 	-150 	 -160 	 -170 	 -180 	 - 190 	PPM 
The proton n.m.r. spectrum revealed the presence of 
two major hydride-containing species in addition to (23): 
a doublet of triplets at -8.6ppm with 
2 
JHP = 175Hz was due 
to the dominant compound, and a doublet of multiplets 
(later identified as overlapping doublets of triplets) 
centred on -11.0ppm with 
2 
J HP = 100Hz, suggested a species 
with a hydride trans to a phosphorus. 
The 11 B-{ 1H} n.m.r. spectrum showed a strong, sharp 
peak at +14-7ppm (sd4), a much weaker one at +13.4ppn 
(unknown) and two broad doublets at +9.3 and 11.2ppm with 
couplings similar to those observed in the 31 
spectrum suggesting that they were caused by the -PH 2 BC1 3 
groups. 
To relate the various resonances in the 31 P spectrum 
to those in the proton n.m.r. spectrum heteronuclear 
double resonance experiments were carried out. The 
appropriate frequences in the 
31 
 P n.m.r. spectrum were 
irradiated whilst observing the proton spectrum. For 
example, irradiation at -162ppm resulted in loss of the 
large doublet coupling in the hydride resonance at -8.6ppm 
and also the loss of the doublet coupling in a prominent 
doublet of triplets at ~ 4.2ppm but affected no other 
proton resonance. Irradiation of the broad resonance at 
-132ppm caused the large doublet coupling in the hydride 
resonance at -llppm to be lost, showing that this 
resonance was due to the -PH 2 BC1 3 group trans to hydride. 
Irradiation of the broad resonance at -120ppm left the 
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large doublet coupling in the hydride resonance intact but 
removed a small doublet coupling showing that the -120ppm 
resonance in the 31 P spectrum was due to a -PH 2 BC1 3 group 
cis to the hydride. Irradiation of the doublet of 
doublets at -23ppm caused the loss of the triplet coupling 
in the same hydride resonance. By means of such 
experiments it was possible to relate all the principal 
resonances in the 31 P spectrum to those in the proton 
spectrum. It was found that the parameters of the two 
main products matched those of the compounds 
PEt 3 	 PEt 3 
1 Cl 	 PH2 BC1 3 
H - Ir —PH3 	 H —Ir—PH2BC1 3 
OC 	 CC 
PEt 3 	 PEt 3 
(21) 	 (22) 
obtained by Mayo 1 . (21) and (22) were Prepared by Mayo by 
the reaction of HC1 and 3d 3 respectively with 	the 
five-coordinate species (Ir(CO)(PH 3 ) 2 (PEt 3 ) 2 ] ' as 
mentioned in the introduction. The parameters for these 
are all listed by Mayo, those for the bis-PH 2 BC1 3 species 
are also given in table 4.1 so that they can be compared 
to those of the bromide analogue. Mayo carried out no 
heteronuclear work on these species but that described 
above served to confirm the structures. In chapter 5 the 
preparation of (21) with 13C enrichment at the carbonyl 
position and the 13C n.m.r. spectra of this are described. 
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11,3 Reaction of IrBr(CO)(PEt 3 ) 2 (211) with PH 3BBr 3 . 
The reaction of IrBr(CO)(PEt 3 ) 2 with PH3BBr 3 resulted 
In the formation of four main products as revealed by the 
31 P-( 1H} n.m.r. spectrum (fig. 11.3). The main product was 
the oxidative addition product of HBr and the starting 
material, analogous to (23) but with bromide in place of 
chloride. This gave rise to a strong singlet at -7ppm. A 
doublet at -10.7ppm and a triplet (which became a quartet 
of doublets of triplets very similar to fig. 11.2) at 
-lóSppm was due to the bromide analogue of compound (21). 
In addition, there were three broad peaks located at -123, 
-116 and -88ppm. The first two of these became broad 
triplets when proton coupling was retained. At room 
temperature these broadened further and the one at -llôppm 
developed what appeared to be a 1:1:1:1 quartet pattern 
with a PB coupling of ca. 114Hz. These resonances were 
therefore attributed to -PH2BBr3 groups. The broad 
resonance at -88ppm was overlapped by the 1:1:1:1 quartet 
due to unreacted PH 3BBr3 . This made it difficult to 
determine if it showed the expected triplet pattern on 
retention of proton coupling but it was thought probable 
that it too was due to a species with a -PH 2 BBr3 group. 
In the triethylphosphine region of the spectrum, in 
addition to those resonances already described, were a 
doublet at -21ppm and a doublet of doublets at -24ppm. 
These suggest compounds with one and two -PH 2BBr 3 groups 
respectively which would account for the three broad 
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resonances. 
The hydridâ region of the 1H n.m.r. spectrum (fig. 
4.4) showed four resonances. These were a strong triplet 
at -16.lppnt (bromide equivalent of compound (23)), a wide 
doublet of triplets at -9.0ppm (bromide analogue of (21)) 
and two previously unrecorded species causing a wide 
doublet of multiplets (actually overlapping doublets of 
triplets) at -11.0ppm and a doublet of triplets at 
-17.5ppm. The 3HP  couplings in these last two resonances 
were 99Hz and 20Hz respectively, suggesting that the 
hydride ligands responsible were trans and cis to 
phosphorus respectively. The chemical shift of the latter 
is indicative of a trans halide. 
The region where hydrogens bound to phosphorus 
resonate (ca. +3.5 to +6ppm) is shown in figure 4.5. The 
two very strong peaks centred on 6.0ppm were due to 
unreacted PH3BBr 3 . A sharp singlet due to CH 2C1 2 present 
in commercial CD 2C1 2 is marked. The resonances due to the 
products of the reaction are numbered to assist in the 
description of the heteronuclear double resonance 
experiments carried out on this system. The peaks 
labelled "1" are due to the known species (21), or rather 
to its bromide analogue which is also known and is 
described by Mayo 1 . Those numbered "2" are partially 
overlapped by others but become clearer when the 
overlapping resonances are collapsed by selective 
decoupling. 
The heteronuclear selective decoupling was carried 
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out by irradiating each of the resonances in the 31 P 
spectrum whilst observing the I H spectrum. Irradiation at 
-lGBppm collapsed the large doublet coupling in the 
hydride resonance at -9.Oppm and the large doublet 
coupling in the peaks labelled "1" without affecting the 
other resonances. 	Irradiation at -10.7ppm removed the 
triplet coupling from the same hydride resonance. 	This 
confirms that these resonances were all related. 
Irradiation of the broad peak at -123ppm collapsed the 
large doublet coupling in the hydride resonance at 
-11.Oppm showing that this was the resonance due to the 
phosphorus trans to that hydride. The large doublet 
coupling in the PH resonance marked "3 19 was also lost 
showing that this was due to the protons on the phosphorus 
resonating at -123ppm. The PH resonance marked 112" was 
only partially collapsed to a broad doublet, the other 
resonances were unaffected. Irradiation of the broad 
resonance at -116ppm removed the small doublet coupling 
In the hydride resonance at -11.Oppm and the large doublet 
coupling in the resonance marked "2" while only partially 
collapsing "3" and affecting no other resonances. 
Irradiation of the doublet of doublets at -24ppm sharpened 
all the PH resonances and removed the small triplet 
splittings from the hydride resonances at -11.0 and 
-17.5ppm. Irradiation of the broad resonance at -88ppm in 
the 31 P spectrum collapsed the peaks marked "ii" to a 
single peak and removed the doublet coupling in the 
hydride resonance at -17.5ppm. Irradiation at -21ppm 
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Fig. 4.3. 	 n.m.r. 	spectrum 	of the reaction of 
IrBr(CO)(PEt 3 ) 2 with PH 3 BBr 3 in CD 2 C1 2 at 231K. 
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removed the triplet splitting from the same hydride 
resonance. 
These experiments prove that the broad peaks at -123 
and -ilôppm in the 
31 
 spectrum are associated with the 
hydride resonating at -11.Opptn in the proton spectrum. 
The spectra indicate that the compound responsible 
contains two -PH 2 BBr3 groups, one trans to hydride, the 
other cis. The doublet of doublets at -24ppin in the 31 P 
spectrum must represent the triethyiphosphine resonance of 
this species which appears to be analogous to compound 
(22) in the chloride system. 
The 	broad 	phosphorus 	resonance 	at -88ppm is 
associated with the hydride resonance at -17.5ppm in the 
proton spectrum. 	This compound appears to contain just 
one -PH 2 BBr 3 moiety. 	The doublet at -Zlppm in the 
31 P-{ 1H} spectrum is also due to this species. 
The structures of these products are therefore: 
FE t 3 









Their parameters are listed in tables ILl and 11.2. 
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X 	6? 	6?' 	6?" 	6H 	SM' 	611" 
Cl 	-23.6 	-132 	-120 	-11.0 ~ 4.1 	+3.8 
Br 	-23.8 	-123 	-116 	-11.0 ~ 4.8 	+44 
Coupling constants. 




J HP . ,110.0 
2 




 jpP 15.0 and 24.2 






14.0 and 25.11 
Solvent = CD 2C1 2 . temperature = 213K, chemical shifts in 
ppm, coupling constants in Hz. 	 - 
i6o 
Table 4.2: n.m.r. parameters for IrHBr(C0)(PH 2 BBr 3 ) (PE t 3 ) 2 
PEt 3 
1 Br / 




	 Coupling constants 
6? -20.7 355.0 
6?' -88 3HP' 20.5 
611 -17.5 2 JHP 10.5 
611' +5.1 3PH' 10.5 
3 
29.0 
Solvent = CD 2 C1 2 , 	temperature = 213K, 	chemical shifts 	in 
ppm, coupling constants in Hz. 
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Reactions of [Ir(CO) 3 (PEt 3 ) 2jpf (25). 
A brief summary of the reactions of the cationic 
species [Ir(co) 3 L 2 ], where L = various alkyl and aryl 
phosphine ligands has already been given in the 
introduction to this chapter. In the studies described 
below the triethylphosphine complex was employed as it is 
easily prepared from the complex IrCl(CO)(PEt 3 ) 2 which is 
much used in this department. Furthermore, very little 
work on this particular species has been reported in the 
literature. The BF4 salt was employed for most of the 
reactions as this was found to have better solubility in 
methylene chloride and in chloroform. Enrichment with 13 C 
at the carbonyl positions was used to assist in 
determining the structures of the products. 
4.4 The reaction of [Ir(CO) 3 (PEt 3 ) 2fl 4 (25) with PH 3' 
The reaction of (25) with PH 3 was carried out using 
equimolar proportions of reactants in CD 2 C1 2 in an n.m.r. 
tube. The 31 P-{ 1H} n.m.r. spectrum was studied from 183K 
to room temperature. No reaction was observed until 233K 
when a product (26) began to appear. At 253K this was the 
main compound present. The only other resonance visible 
in the spectrum was a weak singlet at -1.6ppm caused by 
unreacted starting material. At room temperature the 
Product of the reaction gave rise to a doublet at -6.5ppm 
and a triplet at -2011.4ppm in the 31 P-{ 1H} n.m.r. 
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spectrum. In these resonances the 2 J pp coupling was 31Hz. 
On retention of proton coupling the resonance at 
-204.4ppm was split into a quartet of triplets with I JPH= 
354Hz showing that a PH 3 group was responsible for this 
resonance. There were no additional splittings suggesting 
the absence of any hydride, a fact confirmed by the proton 
n.m.r. spectrum which showed a doublet of triplets at 
+3.5ppm with 1HP = 354Hz and 
2 
 i lip = 5.8HZ but no hydride. 
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Structure (iii) is improbable. Since it contains 
six-coordinate Ir(III) it requires more counter-anions to 
balance the charge than are available. Either of 
structures (i) and (ii) are plausible. 
By freezing the tube's contents with liquid nitrogen 
and opening it connected to the vacuum line a small 
pressure of a non-condensible gas was detected and 
identified from its I.R. spectrum as carbon monoxide. 
This provides further support for either of structures (i) 
or (ii) as each of these involve the loss of CO in their 
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formation. 
A sample of (25) with approximately 60% enrichment 
with 13 C at the carbonyl positions was prepared and the 
reaction 	repeated using this material. 	The 
n.m.r. spectrum of the product showed a doublet of 
triplets at +178.lppm in the region associated with a 
carbonyl bound to a metal. The triplet coupling to the 
two PEt 3 groups was 13Hz; the doublet coupling to the PH 3 
group was 27Hz. This latter value was much smaller than 
the trans 2 J Cp couplings observed in the other rhodium and 
iridium compounds described in this thesis but larger than 
cis 2 J Cp couplings. This is to be expected of the species 
(ii) in which the PH 3 group is in-between cis and trans 
with respect to the carbonyls. 
The 31 P-{ 1H} n.m.r. spectrum confirmed the structure 
as being (ii). If the structure were (i) then in a system 
with only partial enrichment with 13 C there would be 
molecules with no 13 C and molecules with 13 C in the 
carbonyl group. The former would give rise to a doublet 
in the PEt 3 region of the 31 P-{ 1 H) n.m.r. spectrum and the 
latter a doublet of doublets due to the extra splitting by 
13C. The spectrum would show the two patterns 
overlapping. 	In fact the PEt 3 region of the 
spectrum (fig.4.6) shows a much • more complex pattern 
consisting of a central prominent doublet overlapping a 
doublet of doublets which in turn overlaps a weaker 
doublet of triplets. 	The central peaks of the triplets 





Fig. 1.6. 	PEt 3 region of the 	 n.m.r. spectrum of 
EIr(CO) 2 (PH3 )(PEt 3 ) 2 ] BF (as. 609 13 C enriched) in CDC1 3 at 
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doublet of doublets and doublet of triplets would be 
expected of molecules containing 0, 1 and 2 13C atoms 
respectively. The PH3 resonance was much more complex and 
less well resolved but it too exhibited a pattern too 
complex to be accounted for by structure (1). 




OC - Er 
PH 3 
PEt 3 
and is formed by a simple displacement of carbonyl by PH 3* 
Its n.m.r. parameters are given in table 4.3. 
4.5 Reaction of (25) with 2PH3 . 
It was hoped that reaction of (25) with an excess of 
PH3 would result in either oxidative addition of another 
PH3 or displacement of another carbonyl group by PH 3 to 
give the known complex (Ir(C0)(PH 3 ) 2 (PEt 3 ) 2 ], 1 The 
reaction was carried out with (25) and PH 3 in the ratio 
1:2 in methylene chloride. (26) was formed initially as 
before. Further reaction was slow and incomplete and only 
occurred at room temperature. 
A doublet of triplets appeared at -224ppm in the 
31 P-{ 1H} n.m.r. spectrum which, on retention of proton 
coupling became a triplet of multiplets, the triplet 
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coupling 	being 	176Hz indicative of three-coordinate 
phosphorus in a terminal -PH 2 group. 	A resonance at 
-178ppm became a quartetJ PH  = ca. 370Hz) of doublets 
= Ca. 130Hz) of multiplets suggesting a PH 3 group 
trans to hydride. There was also a doublet of doublets in 
the PEt 3 region suggesting coupling to two non-equivalent 
phosphorus nuclei. This data is consistent with a 





OC - Ir - PH2 
HI 
PEt 3 
This is a known species having been made previously by 
Mayo  by reacting IrCl(C0)(PEt 3 ) 2 with two equivalents of 
phosphine. The parameters given by Mayo agreed well with 
those obtained in this system. The I  n.m.r. spectrum was 
obtained and this also agreed with Mayo's data, there 
being a resonance at -10.6ppm due to a hydride trans to a 
phosphorus and also resonances in the coordinated 
phosphine region with parameters similar to those obtained 
by Mayo. This product was very minor. The main product 
of the reaction was (26). 
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4.6 Reaction of (25) with PH 3BC1 3 . 
[Ir(CO) 3 (PEt 3 ) 2 ] 	(25) was reacted with an equimolar 
quantity of FH 3BC1 3 in methylene chloride in an n.m.r. 
tube. No reaction was observed in the n.m.r. 
spectrum until 273K was reached. At this point a weak 
doublet of doublets appeared at -23.1ppm and a weak, broad 
resonance at about -120ppm. At room temperature the 
doublet of doublets had increased considerably and two 
broad peaks were visible at -116 and -128ppm, the former 
exhibited a 1:1:1:1 quartet pattern consistent with 
coupling to boron. A considerable amount of the species 
(26) was also present together with some of the HC1 adduct 
(23). 
In the 1H n.m.r. spectrum a hydride at 	-llppm 
exhibited a large doublet coupling (101Hz) as expected of 
a hydride trans to a phosphorus. All the n.m.r. spectra 
and parameters of this product were identical to those of 
the compound Ir(CO)H(PEt 3 ) 2 (PH 2 BC1 3 ) 2 (22) formed in the 
reaction of IrCl(CO)(PEt 3 ) 2 with flf 3BC1 3 described earlier 
in this chapter. The products of the reaction of (25) 
with PH3BC1 3 therefore appear to be compounds (26), (23) 
and (22). 
•0• 
11.7 The reaction of (25) with PH 3BBr 3 . 
The experiment described above was repeated but with 
PH 3BBr 3 in place of PM3 8C1 3 . Reaction commenced at 278K 
and was complete within several minutes leaving some 
unreacted starting material. The main product was 
identified 	from 	its 31 P-{ 1 11} 	n.m.r. 	spectrum 	as 
IrM(CO)(PEt 3 ) 2 (PH 2 BBr3 ) 2 , the spectra and parameters 
being the same as those observed for this compound in the 
reaction of PH 3BBr3 with IrBr(CO)(PEt 3 ) 2 . A small amount 
of (26) was also formed but much less than in the reaction 
with PH 3BC1 3 . This is not surprising in view of the 
greater dissociation of PH 3BC1 3 near to room temperature 
making free PM 3 more readily available for reaction with 
(25) to form (26). 
The mixture decomposed after several hours at room 
temperature resulting in numerous broad and unresolved 
peaks in the 31 P-( 1H} n.m.r. spectrum and a white 
precipitate of unknown composition in the tube. 
The reactions of [Ir(CO) 3 (PEt 3 ) 2jf4 (25) with MX (X = Cl, 
Br, I). 
The reactions of (25) with hydrogen halides were 
carried out in chloroform solvent at room temperature and 
the products characterised by their 1 H, 31 P and 13 C n.m.r. 
spectra. 	It was hoped to obtain a series of simple 
oxidative addition products. 	MX may be expected to 
oxidatively add to (25) with the elimination of carbon 
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monoxide to form either of two possible isomers: 
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The only report in the literature of a reaction of a 
hydrogen halide with a tris-carbonyl iridium cation such 
as (25) was the reaction of HCl with [Ir(CO)3(PMePh2)2] 2 
described in the introduction to this chapter and which 








4.8 The reaction of (25) with MC. 
(25) was allowed to react with an equimolar amount of 
MCi in CDC1 3 in a sealed n.m.r. tube at room temperature. 
There was vigorous effervescence as a gas was given off 
leaving a colourless solution. This gas was later 
identified as carbon monoxide by opening the tube on the 
vacuum line and obtaining the I.R. spectrum of the 
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non-condensable gas found to be present. 
The 31 P-{ 1 H} n.m.r. spectrum of the reaction mixture 
consisted of three singlets at -5.1, -i.i and -1.5ppm. 
The first two of these were in roughly equal proportions, 
the last was very weak. The proton n.m.r. spectrum (fig. 
4.7) revealed the presence of three hydride-containing 
species. These caused triplets at -16.2ppm and -9.9ppm in 
about equal amounts and one at -16.9ppm (very weak). The 
one at -16.9ppm had a triplet coupling of 11.4Hz and, 
together with the peak at -1.5ppm in the 
31  P spectrum, 








formed by the reaction of HC1 with IrCl(CO)(PEt 3 ) 2 as 
mentioned earlier. 
The other two hydrides were assigned to the isomers 
(i) and (ii). The hydride resonance at -16.2ppm is in the 
region associated with a hydride trans to halide  and so 
must be due to isomer (i). The hydride resonance at 
- 9.9ppm is in the region expected for a hydride trans to 
carbonyl and so is most likely isomer (ii). Confirmation 
of this was obtained in 13C studies described below. 
Because the hydrides resonating at -9.9 and -16.2ppm were 
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roughly equal in intensity as were the resonances at -1.4 
and -5.1ppm in the 31 P spectrum it was not possible to 
correlate the hydride resonances with the 31 P resonances 
at this stage. 
4.9 The reaction of [Ir( 132Q)3(PEt3)2Jfl4 with HC1. 
The reaction of (25) with HCl was repeated but- using 
(25) with approximately 10% enrichment with 13C in the 
carbonyl positions. The use of only a low level of 
enrichment was preferred so as to simplify the spectra. 
It was hoped that the 1H and 31 n.m.r. spectra would 
exhibit simple 13 C satellites rather than the complex 
patterns obtained when higher levels of enrichment are 
used and molecules containing up to two 13C atoms are 
present in significant amounts. 
In this reaction the products and their ratios were 
the same as before. In the 31 P-{ 1H} n.m.r. spectrum the 
satellites were poorly resolved. However, in the proton 
spectrum, the hydride resonance at -9.9ppm showed two 
distinct pairs of satellites. The 2HC  couplings were 7 
and 59Hz. These two very different values suggest 
carbonyl groups in positions cis and trans respectively 
with respect to the hydride and so confirm the identity of 
isomer (ii). No satellites were resolved around the 
hydride at -15.2ppnj. The third HC1 complex (23) was not 
present in large enough amounts for satellites to be seen. 
	
13 	1 The 	C-{ H) 	n.m.r. 	spectrum 	revealed 	three 
resonances in the carbonyl region. 	These consisted of 
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triplets at +166 and +155ppni and a poorly resolved 
resonance at +154ppm. On retention of proton coupling 
(fig. 4.8) this poorly resolved resonance became a sharp 
doublet of triplets, the doublet splitting being 58.6Hz - 
the same as that observed for one of the pairs of 
satellites around the hydride resonance at -9.9ppm in the 
Proton spectrum. The carbonyl resonance was therefore 
attributed to the carbonyl trans to hydride in isomer 
(ii). The carbonyl resonance at 155ppm became an 
overlapping doublet of triplets the doublet coupling being 
6.7Hz indicative of a cis hydride and the same as that 
observed in the other pair of satellites around the 
hydride resonance at -9.9ppm in the proton spectrum. This 
carbonyl resonance was therefore assigned to the carbonyl 
group cis to hydride in isomer (ii). The carbonyl 
resonance at lôôppm became a triplet of doublets when 
coupling was retained. 	The doublet splitting was 5Hz, 
again indicative of a cis hydride. 	This resonance was 
attributed to the two equivalent carbonyl groups in isomer 
(i). The other HC1 oxidative addition product (23) did 
not appear to be present in large enough amounts to be 
observed in the 13C spectra. 
This reaction is in contrast to that observed by 
Church et al  who, as explained before, obtained the 
dichloride IrHC1 2 (CO)(pMeph 2 ) 2 when HC1 was reacted with 
(Ir(CO) 3 (PMePh 2 ) 2 ]. No bis-carbonyl species were 
reported. 	It was suggested that reaction occurred via a 
bis-carbonyl species such as (i) or (ii) and that chloride 
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ion displaced a carbonyl ligand from this to form the 
final product. 	It was pointed out that a similar 
displacement reaction occurred if a solution of 
[IrCl 2 (CO)(flt 3 ) 3 ]C104 in benzene is treated with a source 
of chloride ion. 9 
To see if this was possible the reaction was repeated 
but using an excess of lid. It was hoped that with more 
chloride ion in solution displacement of carbonyl from one 
or other or both of the bis-carbonyl species would occur 
to give a higher yield of the dichloride HCl complex (23). 
4.10 The reaction of (25) with excess Nd. 
The reaction was carried out as before but using (25) 
and HC1 in the ratio 1:3. In addition, (25) was enriched 
with 13C in the carbonyl positions to facilitate 13 C 
n.m.r. spectroscopy. The 31 P and Ii  n.m.r. spectra showed 
that the products of the reaction were the same as 
previously but the proportions were different (fig. 4.9). 
Previously the isomers (i) and (ii) were the main 
products, (23) was only a very minor product. This time 
(ii) was the dominant species present, (23) was very much 
increased and (i) almost absent. It would appear that the 
concentration of (23) increased at the expense of (i) 
suggesting that it was formed by displacement by chloride 
of CO from (i) rather than from (ii). 
The 13C-{ 1H} n.m.r. spectrum contained a prominent 
new triplet at +162.4ppm with a coupling to phosphorus of 





Fig. 11.7. 	Hydride region of the 1 H n.m.r. spectrum of the 
reaction of [Ir(CcD) 3 (pEt 3 ) 2 ] BF4 with HC1 in CDC1 3 at 298K. 
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previously was not present in large enough amounts to be 
visible in the 13C spectrum. 13C n.m.r. of a pure sample 
of this species (from the reaction of (20) with HCl) 
confirmed the identity of this resonance. 	The other 
products observed were the isomers (i) and (ii). 	The 
triplet at 166ppm due to (i) was very much reduced, as 
expected, while the resonances due to the two carbonyl 
groups in (ii) were prominent. The resonance at 164ppm 
due to the CO group trans to hydride in (ii) was broad 
but on retention of proton coupling it became a sharp 
doublet of triplets. It was found that by irradiating at 
-lOppm in the proton spectrum (the resonance frequency of 
the hydride of (ii)) this previously broad 
13
C resonance 
became a well resolved triplet. The broadness was 
therefore probably due to incomplete removal of the large 
trans CH coupling. 
The 	 n.m.r. spectrum showed two prominent 
singlets at -1.4ppm and -1.5ppm and a very weak singlet at 
-5..lppm. The singlet at -1.5ppm was known to be due to 
(23). From the proton spectrum it was known that (i) was 
present only in very small amounts and (ii) was present in 
large amounts whereas previously they had been roughly 
equal as had the resonances at -1.4ppm and -5.1ppm. The 
resonance at -5.lppm was therefore assigned to (i) and the 
resonance at -1.4ppm was assigned to (ii). 
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iLl). The reaction of (25) with HEr. 
(25) and HEr were reacted in a 1:1 ratio 	in 
chloroform in the same manner as in the HC1 reaction. The 
31 P-{ 1H} n.m.r. spectrum showed three singlets, a very 
strong one at -8.8ppm, a very weak one at -9.3ppm and one 
of intermediate intensity at -6.3ppm. The 1 H n.m.r. 
spectrum revealed the presence of three hydride-containing 
species causing triplets to appear at -15.1ppm. -lO.Ltppm 
and -16.Oppm, the first of these being the strongest. 
From previous reactions known to have produced the 
dibromide HBr adduct IrHBr 2 (CO)(PEt 3 ) 2 it was known that 
the weakest hydride resonance (that at -lôppm) and the 
weakest 31 P resonance (at -9.3ppm) were due to this 
compound. From the relative intensities of the other 
hydride and 
31 
 resonances it was decided that the hydride 
resonance. at -15.lppm probably corresponded to the 31 
resonance at -8.8ppmand the hydride resonance at -lO.lLppm 
probably corresponded to the 31 P resonance at -6.3ppm. In 
all these systems the 
31
P resonances were too close 
together for heteronuclear selective decoupling 
experiments to be used to correlate them with the hydride 
resonances. 
As in the HC1 system, the high frequency hydride 
resonance was assigned to a hydride trans to carbonyl in 
an isomer of type (ii) and the hydride resonance at 
-15.lppm was assigned to an isomer of type (1). 
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The 	reaction 	was 	repeated 	using 	(25) 	with 
13 approximately 10% enrichment with the 	C isotope in the 
carbonyl positions. The products were the same as before 
and in similar proportions. 	Poorly resolved shoulders 
observed 	on 	the 31 P resonances may represent 13 C 
satellites. 	Satellites 	were 	observed 	around the 
resonance at -10.4ppm in the 1H n.m.r. spectrum. This 
hydride resonance exhibited a set of satellites with a 
coupling of approximately 57Hz as would be expected of a 
carbonyl group in the position trans to the hydride. The 
spectra were of insufficient quality for the cis C-H 
couplings to be observed. 
The 13C n.m.r. spectra were very similar to those 
described for the HC1 system. As previously, when proton 
decoupled, the resonance (at 162.3ppm) due to the CO group 
trans to hydride in isomer (ii) was broad but became a 
sharp doublet of triplets 2CH = 57Hz) when proton 
coupling was retained. Those CO resonances observed were 
triplets at 154ppm, 162.1ppm and lóSppm and the broad 
resonance at 162.3ppm mentioned above. By far the most 
prominent of these was that at lôsppm. This was assigned 
to isomer (ii) as it was known from the 1H spectrum that 
this was the major product. Upon retention of proton 
coupling it became a triplet of doublets with 2CH= 5Hz 
indicative of a cis hydride; 
From spectra of a pure sample of IrHBr 2 (CO)(PEt 3 ) 2 it 
was known that the resonance at 162.1ppm was due to this 
compound. By elimination of these and by comparison of 
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the relative intensities of the resonances in the 13C and 
spectra the carbonyl resonances at 154 and 162.3ppm. 
were assigned to isomer (ii). The C-H couplings observed 
in these resonances (6.5 and 57Hz respectively) being 
indicative of carbonyl groups cis and trans respectively 
to the hydride. 
4.12 The reaction of (25) with HI. 
The - reaction of (25) with NI in the ratio 1:1 
produced spectra and products very similar to those 
described in the reaction with HBr above. As before the 
dihalide HX adduct, IrHI 2 (CO)(PEt 3 ) 2 in this case, was a 
very minor product and the type (ii) isomer the major 
product. By repeating the reaction using (25) with 
approximately 15% enrichment with 13C at the carbonyl 
positions 13C n.m.r. spectra were obtained enabling the 
13 C n.m.r. parameters to be determined. As before, the 
resonance due to the carbonyl trans to hydride in the type 
(ii) isomer was broad when proton decoupled and was a 
sharp doublet of triplets when proton coupled. 
Summary of the reactions of (25) with HX. 
In the reactions of MX with (25) three products were 
formed each time. In every case the dihalide MX adduct 
was only a very minor product but an experiment in the MCi 
system showed that this could be increased by addition of 
an excess of Nd. The two main products were the isomers 
(i) and (ii): 
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PEt 3 	 PEt 3 
Isomer (i) 	 Isomer (ii) 
In the chloride system these tended to be formed in 
approximately equal amounts. In the bromide and iodide 
systems, (ii) was dominant. The I H and 31 P n.m.r. 
parameters of these compounds are listed in table 4.4. 
The.
13 
 n.m.r. parameters are listed in tables 5.3 and 5.4 
(chapter 5). 
4.13 The reaction of (25) with SiH 3Br. 
To a frozen solution of (25) in chloroform an 
equimolar amount of S1H3Br was added and the tube sealed. 
On warming to room temperature vigorous effervescence 
occurred leaving a colourless solution. The gas evolved 
was later identified as carbon monoxide. The 
n.m.r. spectrum showed only a singlet at -lO.L&ppm. The 
n.m.r. spectrum revealed a triplet of triplets at -11.2ppm 
due to a hydride and a triplet of doublets at +4.4ppm. 
The latter resonance was in the region associated with 
hydrogen atoms bound to silicon, 10 
	
This resonance also 
exhibited 
29 
 Sisatellites. 	The triplet coupling in this 
resonance can be attributed to the two equivalent PEt 3 
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groups. 	the doublet coupling of 3.3Hz was of the same 
magnitude as the smaller triplet coupling in the hydride 
resonance and it is known from previous work on analogous 
10 
systems 	(reactions 	of 	silyl 	compounds 	with 
IrX(CO)(PEt 3 )2, X = Cl, I) that this represents the 
coupling between the hydride and the protons on Si. This 
reaction therefore appears to have resulted in oxidative 
addition of SiH 3Br to (25) with loss of carbonyl to give a 
species with equivalent (therefore axial) PEt 3 groups, a 
hydride and a -SiH 2Br moiety. 
To establish the presence of CO ligands and their 
positions relative to the other substituents. the reaction 
was repeated using material approximately 60% enriched 
with 13C at the carbonyl positions. The 31 P-{ 1 H} n.m.r. 
spectrum of this showed a peak with two sets of 13 C 
satellites, this is to be expected if the product 
contained two carbonyl ligands. The hydride resonance in 
the proton n.m.r. spectrum was complex and poorly resolved 
but appeared to contain a coupling of around 40Hz 
suggesting that a CO group was trans to the hydride. 
The 13C n.m.r. spectra were much more informative. 
In the proton decoupled spectrum, two resonances were 
observed; a sharp triplet at 162ppm and a broad peak at 
168ppm. When the 13 C spectrum was re-run but with 
broad-band proton decoupling centred on the frequency at 
which the hydride resonated the broad peak became a 
well-resolved triplet suggesting that thehydride had not 
been fully decoupled. By careful evaluation of the 
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integral values, these two 13C resonances were found to 
have an integral ratio of almost exactly 1:1 as would be 
expected if they were from the same compound. Further 
evidence that they were related was obtained when a 
narrower width spectrum resolved 13C satellites around 
each resonance, the coupling in each case being 1.9Hz. 
This was interpreted as a 2 J CC coupling between two cis 
carbonyl ligands in those molecules that contained 13 C 
atoms at both carbonyl positions. 
On retention of proton coupling (fig. 4.10). the 
formerly broad 
13
C resonance became a well-resolved 
doublet of triplets with a doublet coupling of 37Hz 
confirming that this resonance was due to a carbonyl trans 
to a hydride. The other 13C resonance became a complex, 
overlapping multiplet. The pattern observed could be 
accounted for if the original triplet with 
2 
 J Cp = ca. 8Hz 
had acquired a new doublet coupling of ca. 4Hz (a typical 
cis-hydride coupling) and a triplet coupling (to the 
protons on silicon) also of Ca. 11Hz. This compound (27) 
therefore contains two carbonyl ligands, one trans to 











It was found that the reaction was the same irrespective 
of whether SF4 or 8Ph4 counterions were used. The I  
and 1 P n.rn.r. parameters are listed in table 4.5, the 13 C 
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Fig. 4.10. 	Carbonyl region of the 13C n.m.r. spectrum of the 
reaction of [Ir(CO) 3 (PE t3)2] BFÜ with SiH 3Br in CDC1 3 at 298K. 
Table LL-3: n.m.r. parameters for compound (26). 
PEt3 	1 
I P'H 3 / 




B? 	B?' 	Ski' 	 SC 
-6.5 	-204.4 	+3.5 	+173.1 
Coupling constants 
CP 	 CP' 
354.0 	5.8 	30.9 	12.9 	27.1 
Solvent = CD2 C1 2 except for the 
13
C parameters which were 
obtained using CDC1 3 as solvent. Temperature = 298K, 
chemical shifts in ppm, coupling constants in Hz. 
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Table 4.4: n.rn.r. parameters for the oxidative addition 
products of (25) and HX. 
PEt 3 PEt 3 
x I Co I x / / / 
OC — Ir — CO OC — Ir - -X OC — Ir — X 
/ / / 
H H H 
PEt 3 PEt 3 PEt 3 
(i) (ii) (23) 
X Species SF bH 3HP 
Cl (i) -5.1 -16.2 9.6 
Br (1) -8.8 -15.1 9.9 
I  -ili..Lt -13.5 10.2 
Cl  -l.a - 9.9 12.5 
Br (ii) -6.3 -10.4 12.5 
I (ii) -13.8 -11.3 12.6 
Cl (23) -1.5 -16.9 11.4 
Br (23) -9.3 -16.0 11.2 
I (23) -21.5 -14.6 11.0 
Solvent = CDC1 3 . temperature = 298K. chemical shifts in 
ppm, coupling constants in Hz. 
PM 
Table 4.5: n.m.r. parameters of compound 27. 
PEt3 	 1~ 
Co 
/ 





SF 	 SE 	 SM' 
- 	 -10.4 	-11.2 	+4.4 
Coupling constants 
3 HP 3 H'P 3 HH' 3 H' 29si 
13.0 9.8 3.4 223 
Solvent = CDC1 3 , temperature.= 298K, chemical shifts in 
ppm, coupling constants in Hz. 
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Reactions of [Ir(C0 )2(g113)(PEt3)21flu (26). 
It was found that (Ir(C0)2(PH3)(PEt3)2]3Jr4 (26) could 
be isolated as a white solid from the reaction of (25) 
with phosphine (see experimental section - chapter 5 - for 
details). It was therefore decided to repeat the 
reactions of (25) but using (26) instead to compare the 
reactivity. It was expected that (26) would undergo 
simple oxidative addition reactions with the elimination 
of a ligand. This time, however, the ligand lost could be 
either PH 3 or CO. If PH3 remained, then this would assist 
in the characterisation of the products by n.m.r. The 
reactions were carried out in CDC1 3 at room temperature. 
it 14 Reaction of (26) with three equivalents of P11 3 
It was hoped that reaction of (26) with an excess of 
PH3 would result in either oxidative addition of a P11 3 
molecule or the displacement of more Co by P11 The only 
product observed was a small amount of the -PH 2 -containing 
complex which was also seen in the reaction of (25) with 
two equivalents of phosphine. 
4.15 Reaction of (26) with PH 3BX3 
The reactions of (26) with PH 39X3 (X c Cl, Br) were 
found to be complicated, giving rise to mixtures of 
species with overlapping resonances that were difficult to 
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characterise by n.m.r. 	In each case the bis-PH 2BX3 
compounds described earlier in this chapter were present 
and in the chloride system resonances with parameters 
consistent with the two species known from Mayo's work 1 













4.16 Reaction of (26) with HC1 
The reaction of (26) with an equimolar amount of HC1 
Cave rise to four products identified by their n.m.r. 
spectra. these were a small amount of free phosphine, 
IrHC1 2 (CO)(PEt 3 ) 2 (23) and the two PH 3-containing species 
described in the reaction above. 
As mentioned above these two species are known from 
the work of Mayo and so are easily identified by their 
n.m.r. spectra. The mono-phosphine species (21) gave rise 
to a doublet at -8.lppm with 2 jPP= 19.5Hz and a less well 
resolved resonance at -164ppm in the 31 P-{ 1H} spectrum. 
In the 
I 
 H spectrum a strong doublet of triplets at -9ppm 
with 2 JHP= 	174Hz, indicative of hydride trans to 
phosphorus, confirmed the presence of this compound. 	The 
bis-phosphine species caused a doublet of doublets to 
appear at -19ppm in the 31 P-{ 1H} n.m.r. spectrum together 
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with resonances at -164ppm and -179ppm. A doublet of 
doublets of triplets at -12ppm in the hydride region with 
couplings similar to those reported by Mayo confirmed the 
presence of this species. 
The mono-phosphine species (21) could be formed by 
the oxidative addition of HC1 to (26) with displacement of 
CO. Effervescence was observed when the reaction occurred 
and by opening the tube on the vacuum line a small 
pressure of a non-condensible gas was detected. This gas 
was identified as carbon monoxide by its I.R. spectrum. 
'The dichloro species IrHC1 2 (CO)(PEt 3 ) 2 (23) could be 
formed by displacement of phosphine from (21) by chloride. 
This reaction is known to occur from Mayo's work  and 
free PH3 was present in the tube. It could also be formed 
by oxidative addition of MCi to (26) with loss of 
phosphine rather than CO to form a bis-carbonyl species 
from which a carbonyl ligand may be displaced to give the 
dichloro species. This reaction was observed when (25) 
was reacted with 3HC1 as described earlier, however, 
neither of the two known bis-carbonyl compounds were 
observed in this reaction mixture. 
Either way, free PH3 is liberated which accounts for 
the formation of the bis-phosphine species. In the 
reactions of excess phosphine with either (25) or (26) 
(IrH(CO)(PH2 )(PH3 )(PEt 3 ) 2 ] is generated. Mayo 1 found 
that this reacted with HC1 to give the bis-phosphine 
compound. 
It seems that the formation of all the various 
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products in this system can be explained in terms of known 
reactions. Initial reaction with HCJ. gives the 
mono-phosphine compound. (23) is also formed, either from 
(21) or by way of a bis-carbonyl species. Free PH 3 is 
liberated in the process which reacts with more of the 
starting material to produce the -PH 2 species which 
rapidly reacts with HC1 giving the bis-PH 3 species. This 
would explain why the mono and bis-phosphine species 
described above were also present in the reaction of (26) 
with PH3BC1 3 . The boron trichloride was slightly 
contaminated by HC1 which could have been responsible for 
the formation of these compounds. 
4.17 Reaction of (26) with HEr. 
The main product of the reaction of (26) with HEr was 
the dibromo compound IrHBr2 (CO)(PEt 3 ) 2 analogous to (23). 
Free PH3 was also observed together with a small amount of 
the known species [IrHBr(CO)(PH 3 )(pEt 3 ) 2 ], with hydride 
trans to phosphine, identified by its 31 P and 1H n.m.r. 
spectra. Also present in this reaction mixture was a 
compound believed to be 
PEt 3 
I Br / 




This gave rise to a doublet of triplets at -16.8ppm in the 
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n.m.r. spectrum. 	A weak doublet at -13ppm in the 
31 
P- J I H~ n.m.r. spectrum may be due to this compound or to 
its isomer with hydride trans to PH 3' The parameters 
observed for this compound were very similar to those 
given by Ebsworth et al t . From the spectra this compound 
appeared to be present in only very minor amounts, 
however, it is known that it is not very soluble in 
chlorinated solvents and a small amount of an oil, which 
later turned to a white solid, was present in this tube 
and could have been due to this species. The 
mono-phosphine species present in this reaction could each 
have been formed by the oxidative addition of HBr to (26) 
with loss of carbonyl. 
4.18 Reaction of (26) with HI. 
Unlike the previous reactions with HC1 and HEr, no 
phosphine-containing species were 	observed 	in 	this 
reaction. The 1 H spectrum revealed the presence of the 
same three products that were observed in the reaction of 
HI with (25). The dominant product was isomer (i) with 
hydride trans to iodide. Isomer (ii) was present In trace 
quantities only. The diiodide compound was present in 
small amount. The 31 P-{ 1H} n.m.r. spectrum showed 
resonances due to these three species and a strong 
resonance at -238ppm due to free PH 31 
194 
Reactions of (26) with SiH 3Br. 
As described before, reaction of (25) with SiH 3Br 
gave a simple oxidative addition product (27) with silicon 
cis to hydride. It was hoped that in this reaction 
oxidative addition would occur either displacing phosphine 
to give the same product (or an isomer with hydride trans 
to silicon) or that CO would be displaced to give a 
product containing both a silyl and a PH 3 group. In fact 
neither happened and it was found that the nature of the 
counterion and also the solvent affected the outcome of 
the reaction. The various experiments carried out to 
investigate this system are described below. 
4.19 Reaction of the BFa salt of (26) with SiH3Br. 
Using (26) with BF4 as counterion, the reaction with 
SiH3Br was carried out in chloroform in a sealed n.m.r. 
tube at room temperature. Vigorous effervescence occurred 
(the gas later being identified as carbon monoxide by 
opening the tube on the vacuum line and obtaining the I.R. 
spectrum of the non-condensible gas found to be present). 
The 31 P-{ 1H} spectrum revealed the presence of free 
phosphine showing that this too had been displaced from 
the starting material (26). Three other main products 
were present causing singlets at -11.3ppm and -8.8ppm and 
a triplet at -5.1ppzn. The triplet coupling in this last 
resonance was small (11Hz). In addition there were some 
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weak resonances at approximately -l9ppm. The 1H n.m.r. 
spectrum contained three main hydride resonances. The 
major one was a triplet • of triplets at -9.2ppm, the 
smaller triplet splitting (3.6Hz) being the same as the 
doublet coupling in a prominent triplet of doublets in the 
SiH region. This was therefore attributed to a compound 
(28) similar to (27) containing a hydride and a -SiH 2 3r 
group. The other two. main hydride resonances were a 
triplet of triplets of doublets at -8.7ppm and, a weak 
triplet of triplets at -11.2ppm due to (27). In addition 
there were some much weaker and overlapping hydride 
resonances in the region -9 to -llppm which remained 
unidentified. 
In the region of the 
I 
 H spectrum where hydrogens 
bound to silicon resonate (ca. +3 to •7ppm) there was, as 
mentioned above, a prominent triplet of doublets at 
-L&.Ltppm with the same 3HIrSiH  coupling as observed in the 
main hydride resonance. The resonance due to the protons 
in the -SiH2 Br group in (27) was assumed to be overlapping 
with this; the two resonate at almost exactly the same 
frequency and have very similar coupling constants. Also 
in the SiB region was a new resonance at -.6.4ppm. This 
was a triplet of "quartets" (actually overlapping doublets 
of triplets), the large triplet coupling was 69Hz, much 
too large for 3 JHP.The small triplet coupling was 4.4Hz 
and was attributed to 3Hp'  the small doublet coupling was 
4.5Hz, the same as the doublet coupling in the hydride 
resonance at -8.7ppm. These two resonances were later 
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found to belong to the same compound (29). Also in the 
S1H region were other, weak and overlapping resonances 
some of which exhibited large (ca. 400Hz) doublet 
couplings suggesting they were due to PH 3 groups. 
To correlate the hydride resonances a COSY spectrum 
was obtained (fig. 4.11). In chapter 2 a P-P COSY 
spectrum was described. The principles are essentially 
the same and the interpretation of COSY spectra is 
described there. In fig. 4.11 most of the peaks are in 
fact machine artefacts 11 . However, those in the bottom 
right-hand corner of the figure represent the hydride and 
S1H resonances of compounds (28) and (29). These are 
expanded for clarity in fig. 4.12. It can be seen that 
the hydride resonance at -9.2ppm correlates with the SiH 
resonance at •.-4.4ppm and so are both due to the same 
compound (28). Similarly, the hydride resonance at 
-8.7ppm correlates with the triplet at .-6.4ppm which are 
therefore both due to compound (29). 
It was noticed that the 1H n.m.r. spectra of (29) 
were virtually identical to those of the compound 
PEt 3 
I CO / 




which is an oxidative addition product of SiH 2 F 2 and 
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Fig. 4.11. 	Proton COSY spectrum of the reaction of 
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IrCl(CO)(PEt 3 ) 2 . The spectra were, in fact, visually 
indistinguishable; only slight differences in chemical 
shifts proved that they were due to different compounds. 
The above compound containing chloride was prepared in the 
course of some investigations of oxidative addition 
products of halosilanes with IrCl(CO)(PEt 3 ) 2 carried out 
by the author of this work but not reported in this 
thesis. The characterisation of the particular compound 
above is, however, described in chapter 5 as 
13 
 C n.m.r. 
studies were carried out on it. Its spectra are shown 
there and are essentially the same as those of the 
analogous product obtained in this reaction. 
The 
19 
 F n.m.r. spectra were also obtained and were 
also found to be nearly identical to those of the chloride 
analogue. 	A prominent triplet at -106ppm in the 
spectrum became a doublet of doublets of triplets upon 
retention of proton coupling, the large doublet coupling 
being the expected 69Hz. 
LL,20 Reaction of the BPhU salt of (26) with SiH3Br. 
The only possible source of fluoride to account for 
the formation of 
previous reaction 
therefore repeat! 
This too resulted 
carbon monoxide. 
the -S1HF2 group in compound (29) in the 
was the BF anion. The reaction was 
d but using BPhft as counterion instead. 
in effervescence due to the evolution of 
The main product, identified by its 
n.m.r. spectrum was compound (28). 	There was also a 
little (27) but (28) was dominant as was the case in the 
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previous 	reaction. Also 	present were the known species 
IrHBr 2 (CO)(PEt 3 ) 2 and an unknown species causing a triplet 
at -11.3ppm with 2 JHP = 15.3Hz. 
The sample of (26) used in this reaction was ca. 159 
enriched with 13 C in the carbonyl positions. The hydride 
resonance of compound (28) showed only one set of 13 C 
satellites suggesting the presence of only one CO group in 
the molecule. The H-C•coupling was 41Hz showing that the 
CO group was trans to the hydride. The 13C-(H) n.m.r. 
spectrum (with broad-band proton decoupling at -gppm) 
showed, in addition to the resonances from (27), a strong 
triplet at 176ppm which, on retention of 1H coupling, 
became a doublet of triplets with 2CH = 41Hz confirming 
that the carbonyl group was trans to hydride. No other 
resonance of comparable intensity was observed in the 13C 
spectrum confirming the presence of Just one CO group in 
this compound. 
From the n.m.r. spectra the structure of (28) must be 
PEt 3 
1 CO / 
X - Ir —SiH2 Y 
H I 
PEt 3 
The substituent X is presumably a halide, as is V. X 
could be either bromide or chloride (from the solvent). 
If bromide it could only be derived from the SiH 3 Br (or 
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its oxidative addition product (27)). 	This could come 
about as a result of some kind of disproportionation 
reaction of SiH3 Br (or (27)), such reactions being known 
in silyl fluoride systems 
12 
 (though in these the fluorides 
do not finish up on the metal), or as a result of SiH 3Br 
exchanging halogens with the solvent and the brominated 
solvent then reacting with the iridium centre. If the 
former then one would expect to see other silyl compounds 
being produced. If the latter, then Y should be a 
chloride. In fact the differences between the n.m.r. 
parameters for the -S1H 2Br group in (27) and the 
corresponding group in. (28) are very slight and when the 
two species occur together their 1 H resonances overlap so 
well that they cannot be separated, even by a 360 MHz 
machine. This would suggest that there has been no change 
in the nature of the silyl ligand. If so then the 
substituent X bound to iridium must , be chloride derived 
from the solvent. 
The reaction was repeated but using CD 3CN as the 
solvent. This time there was no effervescence and 
compound (27) was produced cleanly. PH 3 being displaced. 
This is further evidence that halide from the solvent is 
involved in the formation of (28). The n.m.r. parameters 
of (28) are very close to those of the oxidative addition 
product obtained when SiH3Br is reacted with 
IrCl(CO)(PEt 3 ) 2 10 . This also produces a compound with a 
hydride and a -SiH2Y group. 	In this system it was 
believed, though not demonstrated conclusively, 	that 
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halogen exchange had occurred with Br being bound to Ir 
and Cl bound Si. It could also be argued that in compound 
(28), X is more likely to be bromide in view of the 
greater affinity of iridium for heavier halogens. V bound 
to silicon would probably then be chloride derived from 
the solvent. OP in (28) is -9.2ppm. In an analogous 
compound with Cl bound to Ir (and another Cl bound to Si), 
OP is -5.3ppm) 0 It has also been consistently observed 
throughout this work that OP moves to low frequency with 
heavier halogens bound to the metal. The value of OP 
therefore suggests that X is bromide. Even so, while it 
seems likely that X is Br and V is Cl, the present 
evidence is inconclusive. 
4.21 Reaction of (27) with PH 3' 
To further investigate the formation of the -SiHF2 
compound (29), a solution of (27) in chloroform with 
as the counterion was allowed to react with PH 3 in a 
sealed n.m.r. tube. 	The H and .31 P n.m.r. showed that 
(29) was the dominant product. A little (28) was also 
generated together with minor amounts of the known species 
IrHBr 2 (CO)(PEt 3 ) 2 and an unknown species causing a triplet 
at -11.3ppm in the proton spectrum. This latter species 
was also observed in the reaction of (26) (with BPh 
counterlon) 	with 1 5, H3 Rr' . 	Its identity remains a 
mystery. Its parameters do not correspond with any of the 
oxidative addition prcducts of HBr or HC1 and iridium 
complexes described in this chapter. The frequency of the 
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hydride resonance is consistent with a hydride trans to 
carbonyl. The other ligancis may be carbonyl, halide or a 
silyl group. The magnitude of the HP coupling (15. 3Hz) is 
greater than HP couplings observed in the oxidative 
addition products produced in the reactions with HBr and 
HC1 but is comparable to the HP coupling (16.0Hz) in the 
isomer of (23) with hydride trans to carbonyl  and it is 
possible that it is the bromide analogue. SN for the 
chloride compound is -9.2ppm and hydride chemical shifts 
are known to move to lower frequency as the halogens cis 
to them get heavier. 
10 
 The HP coupling is also similar to 
the 3HP  couplings seen in silyl complexes. 10 If the 
species does, contain a silyl moiety it must be fully 
halogenated as no 3HH'  coupling is observed and there 
were no unaccounted for Sill resonances. In the absence of 
other evidence it is possible only to speculate on the 
nature of this species. 
This reaction shows that (28) and (29) can each be 
formed from (27). It appears that it is the presence of 
PH3 that is the crucial factor. In its absence only (27) 
is formed. On standing for prolonged (several days or 
more), periods at room temperature, chloroform solutions of 
(27) do generate small amounts of (28) even in the absence 
of PH 3*  This was not observed in the reaction using CD 3CN 
as solvent. Why the presence of phosphine should make 
such a difference is not understood. In the case of the 
formation of (29), the PH3 may interact with the BFu 
encouraging formation of BF 3 and F, either the BF  or the 
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fluoride ion being responsible for fluorination of (27). 
BF 	is known to fluorinate silyl compounds. It 
reacts with (SiH 3 ) 20 to give SIH 3 F and SiH30BF 2 13 . 	More 
relevantly, 	it 	reacts with [Ir(CO)HI(PEt 3 ) 2 (S1H 2 )] 2 0 









(In view of the 
13 C 
n.m.r. studies of silyl compounds in 
chapter 5 it is likely that the hydride is actually cis to 
the silicon). . This suggests that, weak though the 
interaction may be (chapter 1), PH 3 does dissociate BFa 
enough to permit the formation of BF  which can then 
fluorinate the silicon. This could be tested by adding 
other bases to the system that may encourage dissociation 
of SF4 or by adding BF  itself. 
There was insufficient time to use 
13 C 
enrichment to 
fully characterise (29) or to carry out the further 
experiments suggested above. Its structure is probably: 
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PEt 3 
1 CO / 
X - Er - SiHF 2 
/ 
PEt 3 
The great similarity, between the spectra of this 
compound and its chloride analogue (chapter 5) favour the 
above structure with hydride trans to carbonyl and cis to 
silicon. It is known from 13C studies that the hydride is 
trans to CO in the chloride analogue and the chemical 
shift of the hydride resonance in (29) is typical of a 
hydride trans to carbonyl. The ligand X trans to silicon 
could be either carbonyl or bromide. It is not possible 
to say on the basis of the present evidence but reaction 
of SiH2 F2 with (25) and with Ir5r(CO)(PEt 3 ) 2 would almost 
certainly generate similar complexes the parameters of 
which could be checked against ' those of (29) or, 
alternatively, (29) could be prepared with 
13 
 C enrichment 
and studied by 13C n.m.r. It is possible to say that the 
ligand X is not chloride as there are significant 
variations in the chemical shifts observed for (29) and 
the chloride analogue. 
The n.m.r. parameters for compounds (27). (28) and 
(29) are given in tables 4.5, 4.6 and 4.7 respectively. 
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Table 4.6: n.m.r. parameters for compound (28) 
PEt 3 
1 Co / 
Y - It' —S1H' 2X 
H I 
PEt 3 
X and V are some combination of chloride and/or bromide. 
Chemical shifts 









3 	 1 
3 HH' 	3H29 S1 







40.8 7.6 n.o. 
Solvent = CDC1 3 , temperature = 298K, chemical shifts in 
ppm, coupling constants in Hz, n.o. = not observed. 
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Table 4.7: n.rn.r. parameters for compound (29). 
PEt 3 
1 Co / 




X is either bromide or carbonyl. 
Chemical shifts 
8? 	 8H 	 8H' 	BF 
-5.1 	-8.7 	+6.4 	-105.8 
Coupling constants 





3 FP 	3 F29 Si 








3 H' 29 Si 
15.2 4.4 4.5 Ca. 	248 
Solvent = CDC13 , temperature = 298K, chemical shifts in 
ppm, coupling constants in Hz. 
I.. 
U. 22 Discussion 
The reactions of IrX(CO)(PEt 3 ) 2 , ( x = Cl, Br) show 
both similarities and differences to the corresponding 
rhodium systems. As with rhodium, IrBr(CO) (PEt 3 ) 2 
undergoes oxidative addition with PH 3BBr 3  to give -PH2 BBr3 
groups. Unlike rhodium, the dominant product was the 
bis-PH2BBr3 , species with lesser amounts of the 
mono-PH2 BBr 3 compound. In the rhodium system the reverse 
was true. 
The behaviour of IrCl(CO)(PEt 3 ) 2 was very different 
to that of RhCl(CO)(PEt 3 ) 2 , Again a bis-PH 2 BC1 3 compound 
was formed but unlike the bromide system no mono-PH2 BC1 3 
compound was observed. In the rhodium system, no 
oxidative addition occurs and the PH 3BC1 3 adduct reacts as 
would a mixture of PH 3 and HC1, the latter being a 
contaminant of the BC1 3 . The reactions observed in the 
RhCI(CO)(PEt 3 ) 2 system were not observed in the iridium 
systems and it was found that unlike its rhodium analogue, 
IrHC1 2 (CO)(PEt 3 ) 2 (23) does not react with PH 3' There was 
no evidence for any reversible dissociation of (23) to HC1 
and the four-coordinate starting material. The greater 
stability of (23) and the greater tendency for 
IrCl(CO)(PEt 3 ) z to undergo oxidative addition with PH 3BC1 3 
is in keeping with previous observations that Ir(III) is 
more stable with respect to Ir(I) than Rh(III) is with 
NEE 
respect 	to 	Rh(I) 	and 	that rhodium complexes are 
consequently less reactive towards oxidative addition than 
those of iridium. 15 
The complex [Ir(CO) 3 (PEt 3 ) 2 ] 	(25) proved to be 
highly reactive towards those simple molecules that were 
examined. Only in the case of PH 3 was simple displacement 
of a carbonyl ligand observed without oxidative addition. 
In all other cases oxidative addition with loss of CO was 
the norm. With lix (X = Cl, Br, I) both cis and trans 
isomers resulted these being susceptible to displacement 
of CO by X to give dihalide species. 
The five-coordinate phosphine-derivative of (25), 
(Ir(PH3 )(CO) 2 (PEt 3 ) 2 ] ' (26) was similarly reactive towards 
the same reagents. With HX either carbonyl or phosphine 
could be displaced giving rise to mixtures of products. 
Significant differences in reactivity were also noted. 
The nature of the counterion and the solvent affected the 
outcome of the reaction with SiH 3Br but the anion made no 
difference to the reactions with HX, some of which were 
repeated using BPh4 in place of HF4. 
Two other reactions of (25) and (26) not reported in 
this chapter and which showed differences were the 
reactions with SF4 and with SiH 2 C1 2 . (25) and SF do not 
react, even after several days at room temperature. 16  
(26) and SF4 do react, giving a mixture of many products 
with many overlapping resonances in the PEt 3 region of the 
spectrum but with no PH 3 groups. 	It was not 
possible to identify these. Reaction of (25) with SiH 2 C1 2 
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was simple and clean giving a product with a hydride and a 
-SiHC1 2 group with Co gas being evolved. This was 
probably analogous to (27), ie. with hydride cis to Si, 
but there was insufficient time to confirm this by 13 C 
n.m.r. studies. In contrast, SiH 2C1 2 did not react at all 
with (26) even after several days at room temperature. 
The trends in the n.m.r. parameters observed in the 
iridium systems were the same as those observed in the 
rhodium systems and discussed at the end of chapter 3. 
The coupling constants seemed to be almost unaffected on 
changing the halides within a series but the chemical 
shifts of the 
31 P and 1 H nuclei were significantly 
affected. The hydride chemical shifts (see table LL.L& for 
the products of the reactions of (25) with lix) followed 
the same trends as observed before 10 - Sli moves to high 
frequency as the halide trans to it gets heavier or to low 
frequency if the halide is cis to the hydride. The effect 
of cis halides is much weaker and if the complex contains 
halides both cis and trans to hydride as is the case in 
the series IrHX 2 (CO)(PEt 3 ) 21  the effect of the trans 
halide dominates and 5H moves to higher frequency with 
heavier halides. 
The values for BH also fell into two distinct groups; 
those in the range -13.5 to -17.5 caused by hydrides trans 
to halide (an assignment supported by the 13 C n.m.r. 
studies) and hydrides trans to carbonyl or phosphorus 
which resonated in the range -9 to -11.3ppm. It has been 
noted before  that the latter range tends to be associated 
211 
with uigands of high trans influence such 	as 	Co. 
Presumably these are better at drawing electron density 
away from the hydride and thus deshielding it. 
The trends in SP are the same as those observed in 
the rhodium systems. As the halogens bound to iridium get 
heavier so BP moves to lower frequency. In the 
bis-P'H2 BX3 systems the F' chemical shifts change in the 
same manner as do those in the analogous rhodium systems. 
SF' when X = Cl is to lower frequency than when X = Br. 
One would expect, on the basis of simple inductive 
effects, that the 8X3 group bound to phosphorus would be 
more electron withdrawing when )( is more electronegative. 
The F' in the chloride system should therefore be more 
deshielded and so should resonate at a higher frequency 
than in the bromide system. The chemical shifts of these 
phosphorus nuclei run counter to expectations. 
As 	explained 	in chapter 1, the heavier boron 
trihalides are better lone pair acceptors and so may 
deshield the phosphorus more effectively and this may be 
the cause. The same trend in 31F chemical shifts can be 
seen in the PH 3BX 3 adducts themselves; SF when X = Cl is 
-95,7ppm and when X = Br is -88.5ppm) The trends in the 
series PH3BH2X and PH3BHX2 (X = Cl, Br, I) reported by 
Rapp and Drake 17  are in the same direction; however, the 
change in 5? in going from Et 3P.BHC1 2 to Et 3 F.BHBr 2 is 
from -lppm to -2ppm, 7 ie. very slightly in the opposite 
direction. Because of the absence of more extensive 31 
n.m.r. studies of such systems and hence the very limited 
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data available, it is not possible to say with certainty 
what all the trends are or to draw any firm conclusions 
about them. 
(Those referring to Rapp and Drake's paper should 
note that their 
31 
 chemical shifts are all relative to 
Pod 3 and are recorded as positive when to low frequency 
of this. In this thesis and in most of the references 
given herein, the convention that &P is positive when to 
high frequency of H3 PO is used). 
As already mentioned, the coupling constants observed 
in these systems seen to change little with changes in the 
halogen. The values of 
2 
 J PP were all in the range 14 to 
31Hz expected of cis couplings. The couplings to hydrides 
were also typical of those observed before and the 
values observed were all of the order 344 to 355Hz typical 
of four-coordinate phosphorus, except of course, the 
coupling in the -PH 2 group in the compound 
[IrH(CO)(PH2 )(PH 3 )(PEt 3 ) 2 ], which was 176Hz as expected 
of three-coordinate phosphorus. 
The 33HH'  couplings observed in the various silyl 
complexes were all around 3.4 to 4.5Hz. This magnitude of 
3 3HH' coupling in such complexes had previously been 
interpreted as implying that the coupling groups were 
mutually trans 10 but evidence presented in chapter 5 shows 
that coupling of this size can occur in complexes where 
the hydride and silyl groups are cis with respect to each 
other. 
The 13C n.m.r. data is discussed in chapter 5. 
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4.23 Future work 
The reactions of IrX(CO)(PEt 3 ) 2 (X = Cl, Br) with 
phosphine have already been exhaustively investigated by 
Mayo  and there seems little more to do with these and the 
P11 35X 3 adducts except to use the latter free from HX. The 
compound with X = I has not yet been investigated in these 
reactions, even by Mayo, but has the disadvantage that it 
is exceedingly air-sensitive and therefore less easy to 
handle than its bromide or chloride counterparts. Many of 
the same suggestions as were made for rhodium can be 
repeated here, ie. using pseudohalides in place of halides 
and substituted phosphines (especially silylphosphines) in 
place of PH 3' A preliminary reaction with PH 2Me is 
described in the appendix. 
White 
18 
 lists a large number of iridium complexes, 
many of them the analogues of the rhodium complexes 
suggested as possibilities for further work in chapter 3. 
These could be worthy of further investigation. 
The cationic tris-carbonyl species (25) shows great 
potential for oxidative addition reactions. Halogens, 
alkyl halides, H 2 S. H 2 Se and many other simple molecules 
being obvious candidates. These reactions could be 
repeated with the PH3 derivative (26). This may also 
react with oxidants, N 204, sulphur, selenium etc. to give, 
perhaps, complexes with 0, S or Se bound to phosphorus. 
13 C n.m.r. is likely to be important for such 
investigations. 
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The rhodium analogue of (25) does not appear to have 
been prepared and attempts at preparing it in this 
department have so far been unsuccessful. Its PPh 3 
equivalent is known 
19 
 but is unstable and prone to loss of 
CO. The rhodium analogue of (26) was prepared in the 
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Most 	of 	the 	characterisation of the products 
described in this thesis was initially carried out using 
31 and I H n.m.r. spectroscopies. In favourable cases, 
such as compound (8) (the six-coordinate, tris-phosphine 
compound in which all the nuclei bound to Rh were either 
phosphorus or hydride), this suffic.. The majority of 
compounds, however, contained, or were believed to 
contain, halide and carbonyl ligands. The presence of 
halide could often be inferred indirectly by changes in 
31 P and I H chemical shifts with changes in halide. This 
did not apply to carbonyl, the presence of which could 
only be assumed. 
The 12 C isotope, having I = 0, cannot be detected by 
n.m.r. the 13C isotope, with I = 1/2, has an abundance of 
only 1%. For many compounds the low abundance is not a 
serious problem as advantage can be taken of the nuclear 
Overhauser effect. In the case of carbonyl ligands, there 
is no such effect and relaxation times are long. 
Obtaining 13C n.m.r. spectra of carbonyl ligands 
containing only the natural level of 13 C is therefore 
difficult. In the course of this work, only two such 
spectra could be obtained - those of compounds (5) and 
(6). These necessitated solutions of twice the normal 
concentration and about 5 to 6 hours of machine time, 
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The problem was overcome by using materials enriched 
with the 13C isotope in the carbonyl position to about 
60-85% for the Rh complexes, 99% for the four-coordinate 
Ir complexes and their derivatives and about 60% and 
10-20% for the five-coordinate Ir complexes and their 
derivatives. 
The first part of this chapter describes exchange 
reactions that were observed involving the four-coordinate 
starting materials and the possible mechanisms involved. 
Then the use of 13 C n.m.r. to confirm the structures of 
many of the products from chapters 2 and 3 is described. 
This 13C n.m.r. data is tabulated and discussed. Finally, 
the use of 13C n.m.r. to resolve uncertainties in the 
structure assignments of some compounds (mostly silyl and 
germyl derivatives of Rh and Ir) prepared by previous 
workers is described. 
5.2: 13 CO exchange in rhodium complexes. 
RhCl(CO)PEt 3 ) 2 	(1) was enriched by shaking an 
acetone solution of (1) with 13C0 gas at a little under 
one atmosphere pressure overnight (see chapter 6 for 
experimental details). This resulted in a product with 
approximately 60-85% enrichment with 13C in the carbonyl 
position (chapter 6). Rapid exchange between analogous 
four-coordinate Rh complexes and CO has been reported 
before. For instance, exchange of 
14 
 CO with 
RhCl(CO)(PPh 3 ) 2 in chloroform at 253K is said to be 
"instantaneous". 1 It has been postulated that the 
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exchange proceeds via a five-coordinate, bis-carbonyl 
intermediate  and a compound with the structure 
CO 





where X = Cl, Br, I has been isolated from the reaction of 
CO with flhX(CQ)(pph 3 ) 2 . 2 It is very susceptible to loss 
of CO and reversion to the four-coordinate starting 
material. Its iridium analogue has axial PPh 3 groups and 
equatorial CO groups. 3 
In the carbonyl region of the 13C n.m.r. spectrum of 
RhCl( 13CO)(PEt 3 ) 2 one would expect to see a doublet of 
triplets. In fact, it was found that chloroform and 
toluene solutions of this at room temperature gave only a 
broad singlet at +188ppm in the carbonyl region of the 13 C 
spectrum. At 228K the spectrum showed the expected 
doublet of triplets. On warming, the peaks broadened; the 
C-P coupling was lost at ca. 248K and the C-Rh coupling 
was lost at ca. 264K due to exchange of the CO ligands. 
The NCS analogue also showed rapid exchange at room 
temperature (in toluene) whereas the Br and I derivatives 
did not, their spectra being the expected doublets of 
triplets at room temperature. IrCl( 13C0)(PEt 3 ) 2 also 
showed no exchange at room temperature. Toluene solutions 
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of these last three compounds showed no signs of exchange 
on the n.ni.r. timescale even at 369K. 
Carbonyl exchange has been observed by means of 13 C 
n.m.r. in the compound RhCl(CO)(PPh 3 ) 2 . At 259K the 13 C 
n.m.r. spectrum of this exhibits a doublet of triplets in 
the carbony3. region. On warming, the triplet splitting is 
lost first then, at 367K, the coupling to rhodium is lost 
leaving a singiet. Intermolecular redistribution of Co. 
X and PR  in MX(CO)(PR 3 ) 2 , CM = Rh, Ir; X = Cl, Br) is 
known to occur and to be complete within a few seconds at 
room temperature. 5. Whilst PR  exchange is probably 
dissociative 7 .CO and X exchange is believed to proceed 
via five-coordinate bridged intermediates, 6. ' eg. 
Co 
	
R 3 P 	 P R 3 
M  
R 3 ' P 	 CO 	PR  
CO gas will exchange with the six-coordinate complex 
RhC1 3 (CO)(pph 3 ) 2 8 but this, complex will not exchange CO 
ligands with the four-coordinate RhC1(CO)(PPh 3 ) 21 6 
suggesting that coordinative unsaturation is necessary for 
intermolecular exchange of bound CO ligands. 
In the course of this work, the six-coordinate MX 
adducts, RhHX 2 (CO)(pEt 3 ) 2 , were prepared with 13C 
enrichment. In toluene at room temperature these all gave 
doublets of triplets in the 13C-{ 1fl} n.m.r. spectra as 
expected. At 369K, the spectrum of the iodide complex in 
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the CO region was a broad hump and its chemical shift 
(+182ppm) was shifted in the direction of that of the 
four-coordinate starting material. The bromide complex 
gave rise to a doublet, the triplet splitting being 
absent, again the chemical shift (+lBLLppm) was shifted 
towards that of the four-coordinate starting material. 
The chloride complex was studied over a range of 
temperatures. On warming from 298K, the triplet splitting 
was soon lost and at 3231< a broad resonance began to 
appear to a slightly higher frequency of the doublet due 
to the HC]. adduct (5). The chemical shift of this new 
resonance (187ppm) was the same as that of the 
four-coordinate starting material (1). On warming 
further, the resonance for (5) broadened while that of (1) 
grew. At 3691< there was only a broad singlet with the 
same chemical shift as (1). This system appeared to be 
more. labile with respect to exchange than the bromide or 
iodide systems. This is consistent with the observations 
reported in chapter 2 - that (5) exists in an equilibrium 
with HC1 and (1). The appearance of (1) in the 13 C 
spectrum is further evidence of this. 13C0 exchange in 
these systems may therefore be by way of the 
four-coordinate complexes formed by dissociation of the 
six-coordinate species. 
No attempts at kinetic studies of these systems have 
been reported in the literature. Dynamic n.m.r. can be 
used to determine rate constants, activation parameters 
and orders of reactions, 9 For example, in a system 
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involving exchange of a nucleus X between two sites that 
are equally populated and have equal lifetimes, the n.m.r. 
resonances for X in the two sites gradually move together 
and coalesce as the temperature increases. The separation 
of these resonances is related to the lifetime of X in any 
one site. It is therefore possible to obtain values for 
the lifetime over a range of temperatures. The lifetime 
is in turn related to the rate constant (eg. for a first 
order process, the reciprocal of the lifetime = k). A 
plot of lnk versus l/T will give a straight line of slope 
-E/R where E is the activation energy. Enthalpies and 
entropies of activation can also be determined. In the 
case of the latter, low values indicate associative 
mechanisms, high values indicate dissociative mechanisms. 9 
To determine the order of a reaction, the 
concentration dependence of the rate must be determined. 
In the case of •carbonyl exchange, if the proposed 
mechanism is correct, the reaction should be second order; 
ie. the rate would be proportional to the concentration; 
doubling the latter should double the former. Dynamic 
n.m.r. has been successfully used before to investigate 
similar second order reactions such as methyl exchange in 
trimethylthallium which, like CO ehange in complexes 
similar to (1), is believed to proceed via a dimeric 
transition state.  attempts at investigating 
the RhC1(CO)(PEt 3 ) 2 system were unsuccessful. No sensible 
temperature dependence of the rate of exchange could be 
found. It was found that different batches of enriched. 
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(1) exchanged at different rates even when 	similar 
concentrations were used. 	The coalescence temperatures 
were quite independent of the concentration of (1) but 
seemed to depend upon which batch of enriched (1) was 
used. In one case, to save expensive 13C-enriched 
material, a freshly prepared batch was mixed with a 
freshly prepared batch of unenriched(1) and the mixture 
used to prepare two tubes containing 0.12 and 0.16g (0.3 
and O,AmMol) of (1) in 0.30 and 0.279 C7 D 8 respectively (3 
and 4 times the normal strength). A normal strength tube 
containing enriched (1) from the same batch but which had 
not been diluted with unenriched material showed rapid CO 
exchange at room temperature. The two more concentrated 
tubes did not. Apparently, some unknown factor present in 
the enriched samples of (1) was catalysing the exchange 
process. This would render any rate data meaningless. 
There was no time to try to identify the catalyst and, 
accordingly, attempts at a kinetic study were abandoned. 
In the course of these studies, it was noted that a sample 
of enriched (1) which showed exchange in toluene did not 
show exchange (in the n.m.r. spectra) in the more 
coordinating solvent CD 3CN. There therefore appears to be 
some solvent dependence in the exchange process. 
The lability, with respect to exchange, of the 
chloride but not the bromide and iodide analogues of (1) 
is consistent with the differences in the reactions of the 
chloride compound on the one hand and the bromide and 
iodide compounds on the other (chapters 2 and 3). Only in 
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the chloride case was displacement of CO by PH 3 observed 
and the HC1 adduct (5) exists in a rapid equilibrium with 
(1) and HC1 at room temperature. It could be argued that 
failure to observe CO exchange in the bromide and iodide 
complexes could be due to an absence of the catalysing 
factor in these systems. However, even at 369K they 
showed no evidence (in the n.m.r. spectra) of exchange and 
the tendency of rhodium bromide and iodide complexes to be 
less prone to CO exchange than their chloride counterparts 





X - Rh 
N 
PPh 3 
it is necessary to cool the toluene solution of the 
complex to 233K to resolve the couplings when X = I and to 
193K when X = Br. When X = Cl, the couplings cannot be 
resolved at all. 2 
This trend may be related to the electronegativity of 
the halogen bound to the metal. The more 
electron-withdrawing halogens may weaken the metal-carbon 
bond and so labilise the CO group more. In complexes of 
the type RhX(CO)(PR 3 ) 2 , the Rh-P bond length is known to 
increase as the electronegativity of X increases 12  but 
data for Rh-Co (or Ir-CO) bond lengths is lacking. The 
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chemical shifts of the carbonyl groups tend to decrease 
with 	heavier 	halogen 	(this 	chapter, section 5.10 
suggesting 	that 	the 	heavier 	halogens 	are 	less 
electron-withdrawing and hence less deshielding (cf. 
phosphorus chemical shifts. chapter 3) but the evidence is 
inconclusive and the origins of the effect remain 
uncertain. 
5.3.1. 13C n.m.r. studies of the main products described 
in this thesis. 
To confirm the structure assignments made for the 
main products, many reactions were repeated using 
13C-enriched material. Some of these (eg. compounds (4) 
and (6) in chapter 2 and the products of the reactions of 
[Ir(CO) 3 pEt 3 ) 2 ] with HX in chapter 11) are described in 
detail in the relevant chapters. 	The remainder are 
described briefly here followed by tables of data. 	For 
transition metal complexes, the trends in 
2 
 J Cp and 
follow those observed for 
2 
 J p, and 2 
	
Trans couplings 
are large, cis ones small. 13 	Reaction mixtures were 
checked by 
31 
 P n.m.r. to confirm that the desired 
compounds were present before 13C n.m.r. was used. Only 
the CO region of the 
13 
 C spectra were examined. 
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5.3.2. Compound (2). 




The 13C n.m.r. spectrum of (2) at 213K was the same 
whether 1H-coupled or decoupled. There was only one 
resonance in the 13C spectrum, a doublet of triplets of 
triplets at +196ppm. The doublet coupling (74.5Hz) was 
typical of •3CRh  and the smaller triplet coupling (16Hz) 
was typical of cis 2 J Cp couplings in Rh complexes. 5 The 
larger triplet coupling (ILSHZ) was too large to be a cis 
coupling, too small to be a trans 2 J CP coupling (found to 
be over 100Hz, as described later). This would be 
expected of a CO group in an equatorial position in a 
five-coordinate complex, in which the CO group 	is 
intermediate between cis and trans. 	On warming, the 
couplings were lost (reversibly) at ca. 233K. 	The 
resonance at +31ppm showed only one extra doublet 
coupling, confirming that the compound contained only one 
CO group per molecule. 
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Pure samples of the oxidative addition products of HX 
and RhX(CO)(PEt 3 ) 2 , (X = Cl, Br, I) were prepared with 
13 
 C 




 H} spectrum showed a 
simple doublet of triplets at ar Dund +180 to +183ppm as 
would be expected of coupling to one rh odium and to two 
equivalent PEt 3 groups. The 13C chemical shifts varied 
systematically but relatively slightly with change in 
halogen. On retention of coupling a doublet of 
triplets of doublets resulted. The small doublet coupling 
(1 to 4Hz) representing coupling to hydride. From the 
chemical shift of the hydride and from I.R. studies of 
analogous compounds, 1 the hydride was already known to 
lie trans to a halide and therefore cis to carbonyl. This 
coupling was therefore interpreted as a cis 
2 
 JCHcoupling. 
Later work on other compounds yielded much larger 
couplings 	(40-60Hz) which were interpreted as trans 
couplings. These are described later in this chapter. 
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5.3..4. Compound (10). 
PEt 3 
/ Br 




A pure sample of (10) was prepared by reaction of the 
PH3 BBr 3 adduct free from HBr with RhBr( 13C0)(PEt 3 ) 2 . The 
13 C-OHI n.m.r. spectrum of this at 213K showed just one 
resonance, a doublet of doublets of triplets at +185ppm. 
The smaller doublet coupling (52Hz) was to be expected of 
the triplet coupling (13Hz) was typical of a cis 
3CP coupling. The larger doublet coupling (110Hz). being 
much larger than cis 2CP  couplings and much larger than 
the C-P coupling in compound (2), was interpreted as a 
trans 2 JCP coupling. 
The hydride was already known to lie trans to Br on 
the basis of its chemical shift and cis to the -PH 2 BBr 3 
group on the basis of the JHPva Lue. The only position 
left for the CO group was therefore trans to -PH 2 BBr 3 , a 
fact that the 13C n.m.r. appears to confirm. The 13C data 
is therefore consistent with the other n.m.r. data 
determined already. 
On retention of proton coupling, a very fine doublet 
splitting 	appeared, 	of 	about 	2Hz. 	This probably 
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represents the cis 3CH  coupling. 








X = Cl, Br 
For the same reasons as those described above, 
hydride was already known to lie trans to X and cis to 
PH 31  The CO group would therefore be expected to be trans 
to PH 3'  For X = Cl, (compound (6)), the 13C spectra have 
already been described (chapter 2). The 13C-{H} spectrum 
was the expected doublet of doublets of triplets with a 
large (135Hz) 2cp  coupling confirming the position of the 
carbonyl as being trans to the PH 3 group. On retention of 
proton coupling, the peaks broadened slightly but no c-a 
coupling could be resolved. 
In the case o F compound (12), (X = Br), it could only 
be prepared in the presence of compound (10) which was the 
dominant product and whose 13C resonance partially 
overlapped that of (12). Nevertheless, it was possible to 
identify a doublet of doublets of triplets at +183ppm with 
a large (134Hz) doublet splitting which was assigned to 
(12). 
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The 13C n.m.r. spectrum f (7), (X = Cl) has already 
been mentioned in chapter 2. 	The compound is a minor 
product of the reaction of PH 3 with (5). In 
spectra of such systems, known from their 
31 
P spectra to 
contain (7), in addition to resonances known (from spectra 
of b ure samples) to be due to (2), (5) and (6), there was 
often observed a resonance at ~181pprn consisting of a 
doublet 	of 	doublets of triplets; 	The 
2 
J CP doublet 
splitting in this resonance was small (10Hz) Indicating a 
PH 3 group cis to the carbonyl. As the hydride is known 
(from the magnitude of 2HP  to be trans to the PH 3 group, 
the expected position of the carbonyl would be cis to this 
and to the PH 3 group. 	The 13C data 	is 	therefore 
consistent with the proton n.m.r. data. With retention of 
proton 	coupling, the 13C resonance acquires a small 
doublet coupling of LLHz, confirming that the CO group is 
cis to the hydride. 
The 13C n.m.r. spectra of (11) were similar. The 
iodide 	compound was 	obtained 	by 	reaction 	of 
RhI( 13C0)(PEt 3 ) 2 with the PH 3 BC1 3 adduct followed by HC1, 
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this being the combination that was found to give the 
highest yields of this compound. 	Again the 13C n.m.r. 
spectra were similar. 	13C chemical shifts were more 
sensitive to X than in (6) and (12). 





In some of the reactions of PH 3 with (5) which were 
known from their 31 P spectra to contain (3). a doublet of 
doublets of triplets was present in the 13C spectra • at 
-191ppni. The 2 J CP doublet splitting (29Hz), although 
smaller than that in compound (2), was still much larger 
than the cis 2 J CP couplings. As described in chapter 2, 
the 31 P resonance of the PEt 3 groups showed two sets of 
satellites, one much smaller than the other (cf. fig.4L6, 
chapter 4 which is for the Ir analogue) confirming that 
two Co groups were present in the molecule. 
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The 	chloride 	compound 	was 	prepared 	from 
IrCl( 13C0)(PEt 3 ) 2 by reaction with a mixture of BC 13' PH3 
and HC1. The 
31 
 spectrum showed that it was almost the 
sole product. The 13C-{ 1H} spectrum showed a triplet of 
doublets at +lôOppm, the triplet splitting was 7.3Hz, the 
doublet splitting 5.5Hz confirming that the CO group was 
cis to the phosphorus ligands. On retention of proton 
coupling, the resonance acquired a doublet coupling of 
5.6Hz showing that the hydride too was cis to CO. 
The bromide analogue was one of the products of the 
reaction of compound (26) with HBr (section 4.17, chapter 
IL). Its 13C spectra were very similar. The 13C spectra 
of these species therefore confirm the assignments derived 
fróni the 1 H and 
31 
 n.m.r. spectra. The chemical shift of 
the hydride and the magnitude of the 
2 
 J HP coupling 
indicated that hydride was trans to PH 3 . 15 Again, the 
 13 
 C 
n.m.r. spectra were consistent with the 1 H and 31 P n.m.r. 
spectra. 
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Table 5.1: Four-coordinate complexes. 
PEt 3 
X - M - Co 
PEt 3 
M = Rh at 223K. 
X SC 3 CRh 3 CP 
NCS +igo.8 70.8 15.7 
Cl +187.6 76.2 15.8 
Sr +187.2 78.5 15.5 
I ~ 185.7 79.5 15.1 
M = Ir at 298K. 
X 	 SC 	 3CP 
Cl 	 +172.1 	11.0 
Br 	 +171.3 	11.0 
I 	 +170.5 	11.1 
Solvent 	= CDC1 3 , 	chemical 	shifts in ppm, coupling 
constants in 	Hz. 	The Rh parameters are the same at 298K 
except that couplings are lost for X = NCS or Cl. 
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M = Rh at 213K. 





P'H 3 	CO 	 .190.7 	68.3 	14.7 	28.9 
P'H 3 	P'H3 	+196.2 	74.5 	15.7 	48.4 
M = Ir at 298K. 
X 	 V SC 
Co 	 Co .170.4 11.6 
Co 	 P'H3 +178.1 12.9 27.1 
Solvent = CD 2C1 	except for N = Ir. 	V = 	P'H 3 for 	which 
Solvent 	= 	CDC1 3 . 	Chemical shifts in 	ppm, coupling 
constants in Hz. 
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Table 5.3: HX adducts. 
PEt 3 
/ 'C 




P4 = Rh at 213K in CD 2C1 2 
X SC 3 CRh CP 3 CH 
Cl *183.2 68.1 11. Lt 3.9 
Br +182.7 64.5 10.11 2.6 
I +180.1 63.8 10.0 0.8 
N = Ir at 298K in Cod 3 . 
'C SC 
2 
J CP 23 CH 
Cl +162.4 8.0 6.0 
Br +162.1 7.7 5.1 
I +160.0 7.6 4.0 
Chemical shifts in ppm, coupling constants in Hz. 
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Table 5.4: HX adducts of compound (25). 
PEt 3 	 PEt 3 
CItO 
OC—Ir-_-CO 	 OC'— Ir — X 
H 
PEt 3 	 PEt 3 




3 CP 23 CH 
Cl +165.6 10.1 5.0 
Br +154.8 10.0 5.0 
I +163.7 9.9 4.8 
Isomer (ii) 
x 	SC' SC" 2J,, 2 c"r' 2 C'H 
Cl 	+155.4 +164.2 6.8 5.8 6.7 58.6 
Br 	+153.9 +162.3 6.7 5.8 6.5 57.1 
I 	+149.9 +159.7 6.8 5.8 6.2 54.8 
Chemical shifts in ppm, coupling constants in Hz. solvent 
= CDC1 3 , temperature = 298K. 
EWE 












Co trans to P'. 
X 8C 3 CRh 3 CP' 2CP 2 
3CH 
Cl +184.0 54.3 134.6 11.9 
Br +133.4 54 134 12.3 n.o. 
I +183.7 53.7 135.2 12.0 n.o. 










Cl +181.2 61.0 9.6 9.7 4.4 
Br +180.1 61.5 8.9 9.3 n.d. 
I +176.6 61.1 9.3 9.1 ca.3 
Chemical shifts in ppm, coupling constants in Hz, solvent 
= CO 2 C1 2 , temperature = 213K. n.o. = not observed, n.d. = 
not determined. 
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Table 5.6: Miscellaneous. 
PEt 3 PEt 3 PEt 3 
1 H Br Br / / / 
OCRh—PH2 .BY 3 H —Rh—PH3 OC — Rh — Br 
/ / / 
X Br Br 
PEt 3 PEt 3 PEt 3 
(10) (17) (18) 
Compound (10) at 213K In CD 2C1 2 . 
x y SC 	
I J CRh 	3CP 3 CP' 3 CH 
Br Br -.-185.4 	52.1 	12.9 110.0 ca.2 
I Cl +185.7 	51.3 	12.4 108.8 n.o. 
Compounds (17) and (18) 	at 298K in CD 2 C1 2 . 
SC 3 CRh 	CP 3 CP' 
 +180.4 49.4 	11.0 167.9 








Compound (21) In CDC1 3 at 298K. 
X SC 	 3CP 3 CP' CH 
Cl +159.6 	7.3 5.5 5.6 
• Br +157.7 	6.7 6.6 6 
Chemical shifts In ppm, 	coupling constants in Hz, 	n.o. 
not observed. 
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5.11 The n.m.r. parameters. 
Chemical shifts. 
For Rh(I) compounds, the carbonyl 13 C chemical shifts 
were in the range 185 to 196ppm and for Rh(III) compounds 
they were in the range 176 to 186ppm. A reduction in CO 
chemical shift on increasing the oxidation state was - also 
observed in the iridium systems (170 to 178ppm for Ir(I) 
and, for Ir(IIt), 150 to 166ppm). This tendency has been 
reported before  but it should be noted that in the case 
of the data given in this chapter the number of M(I) 
compounds is limited (six for Rh and five for Ir) and most 
of these are related and so would be expected to have 
similar values anyway. The trend Is weakened further when 
one includes data from tables 5.7 and 5.8 for the Rh and 
Ir silyl and germyl compounds described later. Two of 
these Rh compounds and six of the Ir ones had CO chemical 
shifts firmly in the ranges given above for the M(I) 
compounds despite having formal oxidation states of 3+. 
A much less ambiguous trend in chemical shifts was 
observed in almost all those systems where Cl, Br and I 
analogues of a compound were known. Whether in a four or 
a six-coordinate complex, and irrespective of the metal, 
CO chemical shifts consistently moved to lower frequency 
as the halogen became heavier. The only exception was the 
case of compound (6) and its bromide and iodide analogues 
(table 5.5). It should be noted, however, that in this 
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instance the Br and I compounds could only be obtained in 
low yield and, in the case of Br, the resonances were 
partially overlapped by others. Had time permitted these 
would have been repeated to obtain more reliable data. 
These trends are the same whether the CO ligand is 
cis or trans to the halide and they parallel those 
observed for phosphorus. It was suggested that for 
phosphorus the effect may be related to the 
electronegativity of the halide (chapter 3) and the M-P 
bond length and the electron density on both the metal and 
on the phosphorus have been shown to correlate with the 
electronegativity of the other ligands present. 12 This 
may be so for carbonyl ligands but literature data is 
sparse. Sanger 2 reported 13C n.m.r. data for 
RhX(CO)(PPh 3 ) 2 and for RhX(CO) 2 (PPh 3 ) 2 . (X = Cl, Br, I). 
In the former case there was no clear trend, in the 
latter, the CO chemical shift actually moved to higher 
frequency as the halogen became heavier. 	For the complex 
[t-PtX(CO)(PPh 3 ) 2 ) 	there is also no clear trend in 
carbonyl chemical shift, the bromide having a larger value 
than either the chloride or the iodide. 
16 
 It has also 





 and Fe * ). the carbon atom in the 
carbonyl ligand is actually deshielded with increasing 
electron density at the transition metal centre. 
17 
 This 
is also said to be true of rhodium complexes. 5 If so then 
the observed trend in CO chemical shifts in the compounds 
described here is contrary to what would be expected. 
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Electron 	density 	on rhodium decreases with lighter 
halogens; 
12 
 the CO chemical shift should therefore move to 
lower frequency with lighter halogens - the opposite of 
what is observed. 
The carbonyl I.R. stretching frequency is said to 
correlate roughly with CO chemical shift. 5 As one 
increases the other decreases. The stretching frequency 
is related to the electron density on the metal centre - 
the greater the electron density the greater the 
* 
n-back-bonding into the anti-bonding it 	orbitals of the 
carbonyl group. 	This weakens the C-O bond and so lowers 
the stretching frequency. 	As explained in chapter 1, 
electronegative ligands withdraw electron density from the 
metal and so raise the CO stretching frequency. One would 
therefore expect this parameter to increase as the 
electronegativity of the other ligands increases and for 
most transition metal complexes it does. 8 For Rh and Ir 
complexes of the type MX(CO)(PR 3 ) 2 the reverse appears to 
be the case. 19 For these, the CO stretching frequency 
decreases as the halogen becomes more electronegative, 
suggesting that the electron density on the metal actually 
increases. This conflicts with the claim that the reverse 
is the case 12 and with the electronegativities of the 
halogens but agrees with the trend in CO chemical shifts 
if it is true that an increase in electron density on the 
metal results in a deshielding of the adjacent carbon. It 
may be related to n-back-bonding from the metal to the 
halogen which is greater with heavier halogens. Attempts 
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at explaining such I.R. and n.m.r. trends have in the past 
led to conflicting conclusions and the factors affecting 
13 chemical shifts in transition metal complexes have yet 
to be fully explained. 5 
Counlinz constants. 
There seemed to be a weak trend for the coupling 
constants ( 13C to Rh, P or hydride) to decrease with 
heavier halogen. The effect was more noticeable for 




OC - M - X 
/ 
PEt 3 
(M = Rh. Ir; X = Cl, Br, I) where two halides were being 
changed at a time. 	One 	exception 	was 	for 	the 
four-coordinate rhodium starting materials in which the 
3CRh coupling was less with lighter halogens. This may 
indicate an increase in the Rh-C bond length as the 
halogen becomes lighter. It is known that the value of 
decreases as the Pt-P bond length increases 
20 
 and 
the same effect has been observed for rhodium. If so 
then it is consistent with the greater lability of the CO 
ligand observed in the chloride system. 
The I JCRh value appeared to show some dependence on 
the oxidation state of the rhodium. The four 
four-coordinate Rh(I) complexes had C-Rh couplings of 
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70-80HZ, the two five-coordinate Rh(I) complexes had 3CRh 
values of 68 and 74Hz and the 17 six-coordinate Rh(III) 
complexes (including those In table 5.7) had C-Rh 
couplings of 48-68Hz. This tendency for the couplings to 
Rh(I) to be greater than those to Rh(III) has been 
reported before in a review of twenty Rh carbonyl 
complexes. 5 - It is to be expected because in the 
square-planar complexes, the 5s orbital of the rhodium is 
distributed amongst four bonds but, as the coordination 
number increases, it is distributed amongst five and then 
six bonds so that the degree of s-character of each bond 
diminishes. 
The tendency for cis 2 J CX (X = H. P) couplings to be 
much smaller than trans ones, as is the case for 
phosphorus and hydride couplings, was pronounced. The 
J cP values for four and six -coordinate complexes fell 
into two very distinct groups. Those in the range 5.8 to 
15.8Hz and those in the range 109 to 168Hz. Many of those 
in the first group were couplings from carbonyl to PEt 3 
groups. In all the complexes described in this thesis the 
PEt 3 groups were found to remain equivalent and therefore 
mutually trans. Any 2 J Cp couplings to them can therefore 
only be cis couplings. In the case of the latter group, 
the hydrides were already believed to lie trans to halogen 
and cis to PH3 on the basis of their I H n.m.r. parameters. 
This would leave the position trans to PH 3 as the only 
possible site for the carbonyl. These couplings were 




 J CP for 	the 	large ones. 	This is entirely 
consistent with all the structures assigned so far on the 
basis of their 
I 
 H and 
31 
 P n.m.r. spectra and agrees with 
the reported tendency for 
2 
 J CP couplings to behave in this 
manner. 13 
Table 5.2 gives the 13C n.m.r. 	parameters 	for 
five-coordinate complexes. The 
2 
J cP values observed in 
these are typical cis values if the phosphorus involved is 
in a PEt 3 group. The equatorial phosphorus atoms, 
however, are intermediate between cis and trans with 
respect to the CO ligands. The 2 J cP values for these were 
27, 29 and 118Hz; ie. intermediate between cis and trans 
3CP values as would be expected. The same effect occurs 
with 
2 	
couplings (see appendix). 
The carbonyl to hydride couplings parallel 	the 
carbonyl to phosphorus couplings. When the CO gràup is 
believed (eg. on the basis of 1H n.m.r.) to lie cis to 
hydride the coupling is small (up to 6.7Hz); , when trans, 





where X = Cl, Br, I, in the 13C n.m.r. spectra one CO 
group shows a small C-H coupling (ca 6Hz, ie. cis), the 
other a large coupling (ca. 57Hz, ie trans). 
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5.5.1. 1 3 C studies of other compounds. 
Having found a satisfactory method for enriching 
rhodium and iridium starting materials with 13  C and seeing 
that this was successful in confirming the structures of 
compounds it was decided to extend the technique either to 
verify or revise the structure assignments of various 
compounds not otherwise directly related to this work. 
Most of these were compounds prepared by previous workers 
in this department and structural assignments had been 
made primarily on the basis of their 
I 
 H and 
31 
 P n.m.r. 
spectra. One of these was an iridium complex containing 
selenium, the remainder were various silyl and germyl 
complexes. In the case of the silyl complexes, it had 
been believed that in the majority of cases the hydride 
lay trans to the silyl group. This assignment was made 
because the magnitude of the coupling 3HMsiH (typically 
2-5Hz) was greater than in the corresponding germyl 
complexes in. which the coupling, if resolved, was often 
less than 1Hz. These values were therefore asumed to 
represent trans and cis couplings respectively. 21-24 
The aim of this study was to use the 
carbonyl-to-hydride coupling to determine the position of 
the carbonyl group relative to the hydride and hence 
relative to the silyl or germyl group. The reactions were 
carried out under the same conditions of temperature and 
solvent as used by the original workers but with 
13 C-enriched starting materials. 
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5.5.2. The reaction of LrCl( 13C0)(PEt 3 ) 2 with H 21e. 
This reaction was originally carried out at room 
temperature in benzene and was found to give one product 
containing equivalent PEt 3 groups, a hydride and a -SeH 
group suggesting that an oxidative addition reaction had 

























The chemical shift of the hydride (-17.Oppm) ruled out 
(iii) but the other two could not be distinguished. 3HH' 
was visible (1.6Hz) but without other examples in which 
the relative positions of hydride and Se were known it was 
not possible to say if this represented a cis or a trans 
coupling. 
Repeating the reaction but with starting material 99% 
enriched with 13C at the carbonyl position gave the same 
product but all the resonances in the 31 P and H n.m.r. 
spectra contained an extra doublet coupling due to the 
13C. The hydride resonance was a triplet of doublets of 




 Sesatellites. 	The carbonyl region of the 13 C 
n.m.r. spectrum contained a triplet at +167.4ppm with 
= 7.7Hz which, when proton coupling was retained, became a 
triplet of doublets of doublets. 	The 2 J CH coupling was 
a.ogz confirming that the carbonyl was cis to hydride as 
in either of structures (i) and (ii) but not (iii). 	The 
CH' coupling was small (1.9Hz) but without analogous 
compounds of known structure for comparison it cannot be 
said if this represents a cis or a trans coupling. No 
77 	 13 Se satellites were observed in the 	C spectra. In this 
instance, therefore, '3C n.m.r. can do no more than 
confirm that (iii) is not the structure. 
One possible way to provide additional evidence for 
the structure would be to prepare the bromide and iodide 
analogues and to observe which way the hydride chemical 
shift moves (to high frequency with heavier halide if 
trans to halide, vice versa if cis). If these could be 
isolated then I.R. spectroscopy could provide additional 
infOrmation (chapter 1). 77  Sen.m.r. may also be of help. 
An attempt at growing crystals by layering the reaction 
mixture with diethyl ether was unsuccessful. 
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5.5.3. Reaction of RhC1( 13C0)(PEt 3 ) 2 with SiH 3C1. 
This reaction, in toluene at 203K, was believed to 
give the product 22 
PEt 3 
I Co / 




The chemical shift of the hydride was -8.9ppm, a position 
consistent with a trans Co or silyl ligand but not a trans 
chloride. The 3HH'  value was large (5.5Hz) and because 
of this it was concluded that the ligand trans to hydride 
was the -S1H 2 C1 group. 
The reaction was repeated but using starting material 
ca-70% enriched with 13  C. The 
31 
 P and 
1
H spectra 
confirmed that the same compound had been generated but an 
extra doublet splitting was present in the 31k,  spectrum 
due to those molecules with 13C in the carbonyl group. 
The hydride resonance in the proton spectrum was broad and 
not resolved. The carbonyl region of the 13C-{ 1H} 
spectrum showed a poorly resolved doublet of triplets. 
When the decoupling irradiation was centred on the 
frequency of the hydride resonance the 13C carbony]. 
4 
resonance was a well resolved doublet 	of 	triplets 
suggesting that in the earlier experiments the hydride had 
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not been fully decoupled. 	This effect was observed 
repeatedly on the 200MHz spectrometer (but not on a 90MHZ 
spectrometer) when hydrides were trans to Co and has 
already been noted in connection with iridium carbonyl 
hydride species (chapter 4). Accordingly, subsequent 
spectra were routinely run with decoupling centred on the 
frequency of the hydride resonance. 
On retention of proton coupling, the 13 C doublet of 
triplets became a doublet of doublets of triplets, the new 
doublet coupling being large (53Hz) showing that the CO 
group was in fact trans to the hydride and not cis as had 
previously been supposed. The silyl group must therefore 
be trans to halide and the 3HH'  coupling of 5.5Hz is 
actually a cis coupling. 
5.5.4. Reaction of RhI( 13C0)(PEt 3 ) 2 with GeH 3 I. 
This reaction, in toluene at 203K, had been found to 

















The chemical shift of the hydrides were -lO.Oppm for 
compound (i) and -12.lppm for compound (ii). these were 
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consistent with a hydride trans to either CO or Ge for (1) 
and trans to iodide for (ii). The 3HH'  couplings seemed 
to bear this out. For (i) the coupling was 6.0Hz, a large 
value suggesting a trans ligand. For (ii) the coupling 
was not observed as might be expected of a cis arrangement 
of hydride and germyl ligands. 
Repetition of the reaction but with 13C-enriched 
starting material gave the same two products confirmed by 
their 31 P and 1 H spectra. The hydride resonances in the 
spectrum were broad and poorly resolved but the one at 
-lOppm (compound (i)) clearly showed a large doublet 
coupling suggesting a trans CO ligand. This was supported 
by the 13C n.m.r. spectrum. 
The 	carbonyl 	region 	of 	the 13C-{ 1H} spectrum 
consisted of two doublets of triplets as would be expected 
of the two isomers (i) and (ii). On retention of proton 
coupling (fig. 5.1) these each acquired very different 
additional couplings. The higher frequency one became a 
doublet of doublets of triplets, the new doublet splitting 
being 55Hz as expected for a trans hydride. The other 
resonance became a doublet of multiplets too complex to be 
accounted for if the only new splitting was a doublet. 
Presumably coupling to the protons in the germyl group was 
also being observed. It was not possible to ascertain the 
coupling to hydride but it was less than 10Hz and 
therefore a cis coupling. 
The structure of (ii) with hydride cis to CO and 
trans to I is probably correct. The structure of (l) is 
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Fig. 5.1. 	Carbonyl region of the proton-coupled 13 C 
n.m.r. spectrum of the reaction of 
with GeH3 I in C7 D8 at 203K. 
100Hz 
195 	 190 	 185 PPM 
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wrong. 	From the magnitude of 2 J CH the hydride must be 
trans to Co and therefore cis to Ge and iodide. 
5.5.5. The reaction of RhI( 13C0)(PEt 3 ) 2 with S1H4. 
The reaction of RhI(Co)(PEt 3 ) 2 with silane in toluene 
at 203K gave one product believed to be either of two 
possibilities  
PEt 3 













The chemical shift of the hydride (-9.4ppm) was consistent 
with either structure but 33HH' was not observed as might 
be expected of structure (ii). 
Repetition of the reaction but with 13C-enriched 
starting material gave the same product as confirmed by 
31 	1 
P and H n.m.r. Again, the resonances in the proton 
spectrum were poorly resolved but the hydride showed what 
appeared to be a large (ca. 50Hz) coupling. The 
13 
 C-flHj 
n.m.r. spectrum showed the expected doublet of triplets in 
the carbonyl region, on retention of proton coupling this 
became a doublet of doublets of triplets of narrow 
quartets. The new doublet coupling was ca. 51Hz showing 
that the hydride was trans to CO as in structure (ii). 
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The 	quartet 	coupling was about 3Hz and presumably 
represents coupling to the protons bound to silicon. 
5.5.6. Reaction of IrCl( 13C0)(PEt 3 ) 2 with GeHa. 
The reaction of germane with IrCl(C0)(PEt 3 ) 2 in 
benzene at room temperature was reported to give two 
21 
products 
PEt 3 	 PEt 3 
I Co 	 Cl 
H —Ir—GeH3 	 OC—Ir----GeH3 
Cl 	 H 
PEt 3 	 PEt 3 
(i) 	 (ii) 
The hydride in (ii) resonates at -16.3ppm in the proton 
spectrum suggesting that it was trans to chloride. The 
hydride in (i) resonates at -10.5ppm typical of hydrides 
trans to either CO or Ge. The 3 J HH 9 couplings were 0.5Hz 
for (ii) and 2.6Hz for (i). Since the latter was roughly 
ten times the magnitude of the former it was concluded 
that the larger coupling was a trans coupling, the smaller 
a cis coupling. Hydride was therefore assigned as being 
trans to Ge in compound (i) and cis to Ge in compound 
(ii). 
The same two products were obtained when the reaction 
was repeated using starting material 99% enriched with 13 C 
in the carbonyl position. In the proton spectrum, the 
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hydride resonance due to (ii) was a triplet of doublets, 
the doublet coupling (23110) being small (4Hz) showing that 
the hydride was cis to carbonyl as expected. A very 
narrow width spectrum resolved coupling to the protons 
bound to germanium, 3 JHH1being 0.6Hz. similar to the 
reported value. 
The hydride resonance due to (1) showed a wide 
doublet coupling (45Hz) showing that the hydride was in 
fact trans to Co and not cis as had previously been 
supposed. The 3 J HH 9 coupling (2.6Hz) for this compound 
must therefore be a cis coupling. The resonance due to 
(ii) (the main product) at +3.2ppm in the proton spectrum 
contained a new doublet splitting of 3.6Hz showing that 
3H'C could be resolved. 
The 13C { 1H} spectrum showed, in the CO region, two 
triplets. On retention of proton coupling (fig. 5.2). the 
high frequency resonance became a doublet of triplets of 
quartets. The doublet splitting was 44.8Hz suggesting a 
trans hydride. The quartet splitting (to be expected of 
three equivalent protons on the germanium) was 2.4Hz. The 
other resonance, which was also the dominant one (and so 
presumably due to (ii)) became a multiplet too complex to 
be readily interpreted. It would be expected to contain 
doublet, triplet and quartet splittings. 
The 
2 
 J CH couplings observed in the 	C and in the 
spectra confirm that in (ii) the hydride is cis to CO but 
show that in (i) the hydride is actually trans to CO. In 
both cases 33C11'  is observed even though the carbonyl 
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Fig. 52. 	Carbonyl region of the proton-coupled 13 C 
n.m.r. spectrum of the reaction of IrCl(13C0)(PEt3)2 
180 	 178 	 176 	 174 PPM 
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group is trans to germanium in only one of the compounds. 
5.5.7. Reaction of IrX( 13 C0)(PEt 3 ) 2 with SiH 31. 
Reaction of IrX(CO)(PEt 3 ) 2 , (X = Cl, I) with SIH 3 Y, 
('1 = H. Cl, Br, I) in toluene was thought to give rise to 
a series of compounds of the type 
PEt 3 
I CO / 
H —Ir—SiH' 2 Y 
/ 
PEt 3 
in which hydride was believed to be cis to halide (on 
account of the chemical shift values) and trans to Si on 
account of the magnitude of 3HH' (typically around 
3-4Hz). 23 Sometimes halogen exchange occurred leaving the 
heavier halogen bound to the metal. 
Two of these reactions were repeated, the reaction in 
which X = Y = Cl and the reaction in which X = I and '1 
Br. 	Each gave the expected product (confirmed by 1 H and 
31 P n.m.r. ) and in each case the hydride resonance in the 
spectrum showed an additional doublet coupling of 
around 40Hz showing that the carbonyl group was trans to 
hydride and not cis as had previously been supposed. 
The 13C spectra confirmed these findings. When 
proton decoupled, the CO group in each compound gave rise 
to a triplet in the 13 C spectrum. On retention of 
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coupling, doublets of triplets resulted with J CH = Ca. 
40Hz. 	In the chloride system an additional, very fine 
(0.5Hz) triplet splitting was also observed. 	This was 
probably the 3cH'  coupling. 
5.5.8. The reaction of IrCl( 13C0)(PEt 3 ) 2 with SiH2 F 2 . 
The reaction was originally carried out by the author 

















It was decided to reinvestigate the reaction using 13  C 
enriched material for several reasons. The large number 
of spin 1/2 nuclei present should aid characterisation; it 
had not been possible to establish the relative positions 
of the carbonyl and hydride ligands and it was hoped that 
coupling between the CO and the F atoms may be observed. 
Because this reaction has not been reported before it 
is necessary to describe the original spectra obtained 
using non-enriched starting material. A related compound 
is also described in chapter IL (sections 4.19 and 4.21). 
The reaction of IrCl(CO)(PEt 3 ) 2 with an equimolar 
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amount of SiH 2 F 2 was carried out at room temperature in 
Cod 3 in a sealed n.m.r. tube. The 31 P-{ 1 H} spectrum 
showed that two products were present; the dominant one - 
(1) - caused a triplet (coupling to two fluorine nuclei) 
at -l.Ltppm and the other gave rise to a quartet (coupling 
to three equivalent fluorines) at -1.2ppm. 
The proton spectrum showed two hydride resonances 
(fig. 5.3). The stronger one, at -8.lppm, was a triplet 
of triplets of doublets as would be expected of a hydride 
coupling to two equivalent PEt 3 groups, two equivalent 
fluorines and the hydrogen bound to silicon. The other 
hydride resonance, at -8.5ppm, was a triplet of quartets. 
This would be expected of a hydride coupling to two 
equivalent PEt 3 groups and to the three equivalent 
fluorines in a tSiF3 group and agrees with the quartet 
splitting, seen in the 31 P spectrum. 
There was also a triplet of "quartets" at +5.LLppm 
with 
29 
 Sisatellites (fig. 5..4). The triplet coupling was 
69Hz. Irradiation of the hydride resonance at '-B.lppm' 
turned the "quartets" into triplets showing that they were 
actually overlapping doublets of triplets. There were no 
other SiH resonances in this region of the 
1 
 H spectrum. 
31 	' 	1 	 - 
The 	P and H spectra therefore 	indicated 	the 
presence of two compounds, each with a hydride, one with a 
-SiHF 2 group, the other with a -SiF3 group. The chemical 
shifts of the hydrides were . consistent with them being 
trans to either CO or Si but not Cl. 
The 19 F n.m.r. spectra were consistent with these 
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findings. 	The 19 F-{ 1H} spectrum 	showed 	two 	narrow 
triplets with 
29 
 Sisatellites. On retention of 
coupling these became a doublet of triplets (compound 
(ii)) and a doublet of doublets of triplets (compound (1)) 
the latter having a large doublet coupling of 69Hz. 
The tendency for fluorosilanes to disproportionate 
when reacting with platinum metals and to give mixtures of 
products has been noted before. 25 
The reaction was repeated but using starting material 
99% enriched with 13C. As expected, the resonances in the 
31 
1 H and 19 F spectra all (with the exception of the SiM 
resonance in the proton spectrum) showed an extra doublet 
coupling. The hydride resonances in the proton spectrum 
are shown in fig-5-5. In each case the hydride resonance 
showed a new doublet coupling of around 40Hz showing that 
the hydrides were trans to carbonyl. The 13C-{ 1H} n.m.r. 
spectrum (fig. 5.6) showed two resonances in the carbonyl 
region. A triplet of quartets, as would be expected of 
compound (ii), and a triplet of triplets as would be 
expected of compound (i). On retention of proton coupling 
(fig. 5.7) these each acquired a large (ca. 40Hz) doublet 
coupling confirming the observation of such a coupling in 
the proton spectrum. No coupling to the protons on 
silicon was observed. 
It was therefore concluded that in each of these 
compounds the hydride was located trans to the carbonyl. 
The 31 P 1 1H and 
19 
 F n.m.r. parameters are listed in table 
5.10, the 13C n.m.r. parameters in table 5.8. 
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Fig. 5.3. 	Hydride region of the I H n.m.r. spectrum of the 
reaction of IrCl(C0)(PEt 3 ) 2 with S1H 2 F 2 in CDC1 3 at 298K. 
10Hz 




Fig. 5.11. 	S11! region of the H n.m.r. spectrum of the reaction 





- 	7.0 	 6.0 	 5.0 	PPM 
Fig. 5.5. 	Hydride region of the I H n.m.r. spectrum of the 
reaction of IrCl( 13C0)(PEt 3 ) 2 with S1H 2F 2 in CDC1 3 at 298K: 
20Hz 
-7.8 	 -8.0 	 -8.2 	 -8.11 	 -8.6 PPM 
Fig. 5.6. Carbonyl region of the 13C-{ '}j} n.m.r. spectrum of the 
reaetlnn a? trn( 13cnI(Pwt__ t.slth ciw_v_ In rnrl_ At-, 70RW 




Fig. 57. 	Carbonyl region of the proton-coupled 13C n.m.r. 
spectrum of the reaction of IrCl( 
13
CO)(PEt 3 ) 2 with SiH 2 F 2 in 
177 	 176 	 175 PPM 















H trans to CO. 









I GeH' 2 1 +190.6 48.2 10.5 55.1 n.o. 
I SiR' 3 +190.8 48.9 10.8 ca-51 ca3 
C]. S1H' 2 C1 +175.7 49.1 10.5 53.1 n.o. 










I 	GeH' 2 1 	+185.4 51.5 11.0 n.d. n.o. 
Chemical shifts in ppm, coupling constants in Hz, solvent 
= C7 D 8 , temperature = 203K, n.o. = not observed, n.d. = 
not determined. 
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Table 5.8: Iridium silyl and germyl complexes. 
PEt 3 
1 Co / 











H trans to Co. 
X V SC 3 CP 3 CH 3 CH' 3 CF 
Cl SiH' 2Cl +176.1 7.11 41.6 0.5 - 
I SiH' 2Br ~ 174.7 7.9 39.6 n.o. 
Cl GeH' 3 +178.6 7.2 4LL.8 2.4 - 
Cl SiH'F 2 +175.4 7.4 41.5 n.o. 3.8 
Cl sir 3 +175.4 7.3 43.1 - 2.2 
H cis to CO. 
X 	 V 	 SC 	 2 3CP 	
2 
3 CH 	33CH' 
Cl 	 GeH' 3 	+173.3 	8.6 	3.7 	3.6 
Chemical shifts in ppm, coupling constants in Hz, solvent 
= C7D8 (except for the fluoride system for which the 




 n.m.r. parameters for compound (27). 
+ 
PEt 3 
I C" 0 / 
OC'—Ir —SIH' 2 Br 
PEt 3 
BC' = ~ 161.8ppm 	 = 8.4Hz 
BC" = +168.0ppm 	 = 6.7Hz 
2 
 JCtH = ca.4.4Hz 
	 3 











 F, 1 H and 
19
F n.m.r. parameters for the 
compounds: 
PEt 3 	 PEt3 
Co 	 Co 
/ / 
Cl—Ir—SiH'F2 	 Cl—Ir—SiF3 
H 
/ 	 / 
PEt 3 	 PEt3 
(i) 	 (ii) 
Chemical shifts (in ppm). 
8? 	 8H 	 813' 	 SF 
-1.4 	-8.1 	~6.4 	-106.5 
-1.2 	-8.5 	- 	 -92.4 
Coupling constants (In Hz). 
2 	 3 	 3 	 2 
3 PH 	3 PH' 	3PF 	313'F 
(i) 	15.4 	8.1 	3.9 	68.9 
14.8 	- 	 1.9 	- 
3 	 3 	 1 	 1 J1313 	3HF 	3H'SI 	3 FSI 
(i) 	4.1 	7.7 	245.3 	331 
- 	 8.6 	- 	 336 
Solvent = CDC1 3 , temperature = 298K. 
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5.6 Discussion ofsection 
It is clear from these systems that 13C n.m.r. has 
great potential for elucidating molecular structures in 
platinum-metal systems. Only in the case of the 
selenium-containing system was it not possible to 
ascertain which of the two possible structures was the 
correct one. 
In all the silyl and germyl systems studied, the 
hydride was found to be trans to either carbonyl or 
halide. In no case could it be demonstrated that it lay 
trans to Si or Ga. The oxidative addition of silyl or 
germyl compounds in all the examples studied seems to have 
proceeded in a cis fashion. The 13 C n.m.r. parameters 
observed for this group of compounds are consistent with 
those discussed earlier. The silyl and germyl complexes 
provide a larger sample of trans 2 J CH couplings. All the 
3cH couplings tabulated in this chapter fall into two 
very distinct groups: those in the range U to 6.7Hz and 
those in the range 37 to 59Hz. The former are believed to 
be cis couplings and the latter trans. This agrees with 
the reported observation that cis J CX  (X = P. H) 
couplings tend to be small and trans ones large 5. 13 as is 
also true of phosphorus. As explained earlier, there were 
many cases in which it was known that the hydride lay cis 
to carbonyl on the basis of I H and 31P n.m.r. data. The 
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3CH couplings observed in such cases invariably agreed 
with the expected structure and so served as a method of 
verification. In view of the self-consistency of the 
n.m.r. data and the fact that the two groups of 2OH 
values were very distinct from each other, this method of 
determining the cis/trans relationships of hydride and Co 
ligands is probably quite reliable. 
In the silyl and germyl complexes, coupling between 
the carbonyl ligand and the hydrogens on the silicon or 
germanium was sometimes observed. Values ranged from 0 to 
IL. 1Hz and, although examples were few, observation of this 
coupling did not appear to be dependent on whether the 
carbonyl was cis or trans to the silyl or germyl group. 
The 3HH'  values reported in the literature for these 
compounds show great variability. Values of from 0 to 6Hz 
have been reported. The larger ones were assumed to be 
trans couplings but from - the work described in this 
chapter it is now known that even 6Hz is a possible 
magnitude for a cis coupling. In the absence of any 
data for 3 JHH1where it is known that hydride is trans to 
silicon (or germanium), the magnitude of 3  j HH,does not 
seem to be a reliable guide to molecular geometry and many 
structure assignments made on the basis of this parameter 
may have to be revised. 
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The vacuum line 
The majority of this work was carried out using a 
conventional Pyrex vacuum system  constructed from 
detachable sections of known volume with Apiezon L. and N 
greases used to lubricate joints and taps respectively. 
Vacuum was obtained by means of a rotary oil pump and a 
mercury diffusion pump which together achieved pressures 
of 10 ton or less. 
Volatile compounds could be moved around the line and 
stored in traps held at liquid nitrogen temperature. They 
could be fractionated by passing them through traps 
maintained at various temperatures by means of slush baths 
of solvents chilled with liquid nitrogen. Quantities of 
volatile substances were measured by means of a spiral 
guage with a mirror. A light directed at the mirror was 
reflected onto a scale. Pressure of gas inside the line 
causes deflection of the reflection along the scale. The 
extent of the deflection is proportional to the pressure 
in the line, the volume of which is known, and hence the 
molar quantity of gas present can be calculated. 
The schienk line 
Manipulations 	of 	air-sensitive 	solids. 	metal 
substrate preparations and various isolations were carried 
out on a Pyrex Schlenk line  under vacuum or nitrogen as 
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desired. 	Vacuum was maintained by a rotary oil pump and 
commercial "white spot" nitrogen came direct from a 
cylinder. 
Preparation of n.m.r. tubes. 
Conventional, 5mm diameter, pyrex n.m.r. tubes were 
used throughout. To facilitate sealing they were extended 
with 5mm diameter Pyrex tubing and a BlO cone fitted to 
allow connection to the vacuum line. In a typical 
procedure, approximately O.lmMol. of accurately weighed 
metal substrate was placed in the tube which was then 
connected to the line and pumped on for one hour to ensure 
dryness. Enough of the appropriate, deuterated n.m.r. 
solvent to fill about 3cm of the tube was distilled in and 
the mixture warmed to dissolve the metal compound. The 
mixture was then cooled, to 77K and the desired quantity of 
volatile reagent distilled in at this temperature. The 
tube was then sealed under vacuum and stored in liquid 
nitrogen until required. 
Exceptions were the reactions with the adducts of 
boron trihalide and phosphine described in chapter 3. 
N.m. r. machines 
N.in.r. spectra were obtained from the following 
Fourier-transform spectrometers. 
.leol FX60Q. 31 P 





Bruker WP200 31 P 1 H. 11 B. 13C 
Bruker wH360. H. 31p 13c. 
All heteronuclear double resonance experiments were 
carried out on the Bruker WH360. 
L.R. spectra. 
All volatile reagents were checked by I.E. 
spectroscopy for purity prior to use. Metal substrates 
were checked by I.E. and by 31P n.m.r. I.E. spectra were 
recorded on Perkin-Elmer 577 or 598 double-beam 
spectrometers. Spectra of volatile substances were 
recorded in the gas phase using a cell fitted with KBr 
discs. Spectra of solids were obtained from nujol mulls 
between KBr plates. 
Solvents 	 - 
N.nt.r. solvents were dried over molecular sieve and 
distilled prior to use. Solvents used in isolations were 
treated as follows: 	 - 
Methylene chloride: distilled from phosphorus pentoxide 
and stored over calcium hydride. 
Diethyl ether: distilled from lithium aluminium hydride 
and stored over metallic potassium. 
Preparations of volatile substances 
The various volatile reagents used were obtained as 
follows: 
PH 3:  thermolysis of phosphorous acid.3 
Sd 3 : available commercially. 
58r3 : available 	commercially. 	Distillation 	in 	an 
all-glass apparatus removed contaminating HBr. 
8F 3 : sample kindly donated by Mr. H. Murdoch. 
PH3 .Bx3 adducts: prepared by condensing equal amounts of 
phosphine and boron trihalide into solvent, warming to 
room temperature and then refreezing. 
PH2Me and PHMe 2 : samples kindly supplied by Dr. S.G.D. 
Henderson. 
SF4: sample kindly supplied by Mr. H. Murdoch. 
SiH3Br: made by reaction of PhSiH 3 with HSr. 
SIH3C1: treatment of SiH 3Br with HgC1 2 5 
GeH3I and H2Se: samples were already available in the 
department. 
SuE4: reaction of SiC14 with L1A1H4 6 
GeH4: addition of H 2SO4 to a solution of Ge0 2 and KB)!4 in 
aqueous KOH. 7 
SiH2 F2 : treatment of SiH 2C1 2 (kindly donated by Union 
Carbide) with SbF 3 8 
13C0 (99% enriched): available commercially from Aldrich. 
HC1: dehydration of concentrated hydrochloric acid with 
concentrated sulphuric acid. 
HBr: reaction of tetrahydronaphthalene with bromine. 
HI: dehydration of concentrated hydriodic acid with P 205 . 
Preparation of metal substrates 
RhCl(CO)(PEt3)2 
10 
Hydrated rhodium trichloride (1.0g) was dissolved in 
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50:50 ethanol/methanol mixture (19m1) to which was added 
PEt 3 (1.2m1) and molar aqueous KOR (11.5m1). The mixture 
was refluxed for ItO minutes under nitrogen. After cooling 
to room temperature, concentrated hydrochloric acid 
(1.lml) was added and the precipitate filtered off and 
pumped dry; the product sublimed out as yellow crystals at 
ca. 120 0C. 
RhX(C0)(PEt3) 2 (X = Br. I) 
The chloride prepared above was stirred with a 
10-fold molar excess of LiBr or Nal as appropriate in 
degassed acetone for one hour. The solvent was then 
pumped off and the product sublimed as above. The LiBr 
and Nal were powdered and pumped under high vacuum for 
about an hour before use. 
RhNCS(CO) (PEt 3 ) 2 
A slightly modified version of the method employed by 
Jennings and Wojcicki tt was used. RhCl(C0)(PEt 3 ) 2 
(ca.0.5g) was dissolved in degassed acetone (5-10ml) and 
stirred with a 10-fold excess of dry, powdered KNCS for 15 
minutes. The acetone was pumped off and the product 
extracted with 50:50 methylene chloride/diethyl ether 
mixture, the solvent evaporated and the process repeated. 
The final extraction was carried out first with the 
methylene chloride/diethyl ether mixture and then with 
diethyl ether alone, the extract being filteied through 
celite to remove suspended potassium salts. After removal 
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of the solvent, washing with deionised water removed any 
final traces of potassium salt. the yellow powder was 
then pumped on for several hours to dry it. Yields were 
typically > 80%. the compound will sublime but losses 
from decomposition are high. It can be handled easily in 
air but must be stored under nitrogen. It is 
indistinguishable from RhC1(CO)(PEt3 ) 2 by 31 P n.m.r. but 
is readily distinguished by IR. 
RhCl(CO)(PEt 3 ) 2 : Co stretch 1953cm1 10 
RhNCS(CO)(PEt 3 ) 2 : CO stretch 1975cm 1 (v8); CN 	stretch 
2089cni 1 (s). Full ZR details are given in reference 11. 
oP = .-24.6ppm, 1PRh = 116.0Hz in CDC1 3 at 298K. 
IrCl(Co)(PEt3)2 12 
In a typical preparation, carbon monoxide was bubbled 
through a suspension of Ir2Cl2 (C8H14)4 (0.4479) in 
degassed acetone (Sml) for four minutes in a .Schlenk tube. 
To the blue/black solution, PEt 3 (0.30znl) was added and 
the mixture stirred for one hour. The resultant yellowish 
solution was decanted from any solid and the solvent 
removed. The oily residue was heated with pumping at ca. 
100°C for several hours to remove cyclooctene. When the 
product began to crystallise high up the sides of the tube 
it was ready for sublimation. Product was sublimed out at 
ca. 1200C. 
Ir2Cl2(C8H14 ) a 
13 
Hydrated iridium trichloride (ia) was refluxed under 
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nitrogen 	with 	propan-2-ol 	(tim].), water (Ltml) and 
cyclooctene (2ml) for three hours. The solution 
containing the orange product was set aside for several 
days while more product crystallised out. The product was 
then filtered off, washed with cold methanol and pumped on 
for four hours. 
IrBr(CO) (PEt 3 ) 2 
This was prepared by a halogen metathesis in an 
analogous manner to the preparation of RhBr(CO)(PEt 3 ) 2 . 
(Ir(CO)3(PEt3)2]DP, Vi 
IrCl(CO)(PEt 3 ) 2 (ca. 0.59) was dissolved in degassed 
acetone (5-10ml) together with an accurately weighed 
stoichiometric quantity of NH4EF4. (Nan6 or NaSPhU may 
be used depending on the desired counter-anion). Carbon 
monoxide was bubbled through the solution for a few 
minutes; this led to rapid decolourisation and a fine, 
white precipitate of ammonium chloride was deposited. The 
solution was filtered and reduced in volume until the 
product began to crystallise. Diethyl ether was added 
dropwise with agitation. When precipitation was complete, 
the solvent was decanted from the white, crystalline 
product which was dissolved in methylene chloride and 
refiltered through celite to remove the last traces of 
ammonium chloride. It was then recrystallised as before. 
The product is air-stable. 
283 
MC1( 13C0)(PEt 3 )2 M 	Rh, Ir; and (Ir( 13CO) 3 (PEt 3 ) 2 ]BFj. 
In a typical procedure, freshly prepared 
RhCl(CO)(PEt 3 ) 2 (0.6g) was placed in a 50ml soveril bulb 
ampoule and approx. 5m1 degassed acetone added. 
Xr2Cl2(C8H14)4 (0.2g) was placed in a schlenk tube 
containing also a magnetic stirrer bar and 5ml degassed 
acetone. these two vessels were attached to the vacuum 
line adjacent to each other, frozen to 77K and evacuated. 
The schlenk tube containing the iridium was isolated while 
the enriched Co (from a bulb at one atmosphere pressure) 
was allowed to enter the bulb containing the rhodium. 
This was then closed, as was the bulb containing the main 
supply of enriched CO. The tap isolating the iridium 
complex was then opened and the iridium mixture allowed to 
warm to room temperature. It was then stirred for 1-2 
hours to absorb the excess 13C0. More enriched CO could 
be added from the main supply as necessary. 
When reaction was complete the apparatus was 
dismantled and the iridium complex worked up in the normal 
way, giving a product with 99% enrichment with 13C in the 
carbonyl position. The bulb containing the rhodium 
complex was shaken overnight, and was then reconnected to 
the vacuum line. In place of the iridium cyclooctene 
complex was a solution of IrCl(CO).(PEt3)2 and NH4BFfl in 
degassed acetone. The apparatus was evacuated and the 
bulb containing the rhodium complex opened; the iridium 
compound was allowed to absorb the excess carbon monoxide, 
producing partly 
13  CO-enriched[Ir(CO)3(PEt3)2)8F4. 
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When reaction was complete the iridium compound was 
recovered in the usual way, giving a product with around 
50-60% enrichment with 13C (as estimated by n.m.r.). the 
rhodium solution was transfered to a cchlenk tube and the 
solvent removed. Occasionally the product was slightly 
sticky; this could be remedied by washing with a little 
deionised water and pumping dry. The extent of enrichment 
achieved varied with the amount of rhodium starting 
material employed and the pressure of 13C0 remaining in 
the main bulb. No attempt was made to accurately assess 
the degree of enrichment but estimates from I.E. and, more 
especially. n.m.r. spectra suggested that enrichments of 
from 60 to 859 were achieved. 
The chloro complexes could be metathesised in the 
normal manner to obtain the bromo. iodo or thiocyanato 
analogues. 
Isolation of products 
RhBrH(CO)(PEt3 ) 2 (PH2BBr3 ) 
Dry methylene chloride 	(ca. 2ml) followed by 
phosphine and boron tribromide (0.4mMol. each) 	were 
condensed into a schlenk tube attached to the vacuum line. 
The mixture was warmed to room temperature to allow 
formation of the adduct and then frozen to 77K. 
RhBr(CQ)(flt 3 ) 2 (0.4mMol.) was then added under nitrogen, 
the tube evacuated and the mixture allowed to warm to room 
temperature. After 10 minutes. the solvent was removed 
under vacuum leaving a pale yellow gum. Dry diethyl ether 
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(Ca. lOml) was then condensed in and the tube left for 10 
to 20 minutes. The gum gradually Crystallised as minute 
radiating sprays of fine needles. Trituration with more 
dry ether resulted in a pale cream powder, soluble in 
methylene chloride, chloroform. TifF and toluene but 
insoluble in diethyl ether and petroleum ether. The 
methylene chloride and diethyl ether were dried as 
described above. Attempts at isolation using less 
rigorously dried solvents proved unsuccessful. 
The compound is air and moisture sensitive. 	It can 
only be handled for very brief periods in the air and must 
be stored under nitrogen or vacuum. It is stable for no 
more than several days at room temperature. To store it 
for long periods it was necessary to seal it in small 
glass tubes under vacuum and to keep these in liquid 
nitrogen. - 
The compound commonly crystallised while being 
isolated; however, these crystals were unsuitable for 
X-ray work. Attempts at layering with various solvents at 
room temperature and at 213K were unsuccessful. 
C 	 H 	 N 	 Br 
Expect: 	 21.34 	4.55 	0 	 43.69 
Found: 	 21.0 	4.45 	0 	 43.8 
Main I.R. bands (cm 1 ; KBr disc): 2969(m), 2935(m). 
2877(w), 2076(vs), 2060(vs), 1454(8), 1425(m), 1370(m). 
1256(w), 1031(vs). 828(s), 762(vs), - 733(vs), 709(s). 
621(m), 591(vs), 513(vs), 470(w), 355(w). 
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[Ir(CO) 2 (PH3 )(PEt 3 ) 2 )5F4 
[Ir(CO)3(PEt3)2] 5F4 (0.3mMol.) was 	placed 	in 	a 
Schienk tube, 2ml methylene chloride condensed in and the 
solution warmed to dissolve the complex. Phosphine 
(0.15mMol.) was condensed in and the solution allowed to 
warm to room temperature. Slight effervescence occurred 
as carbon monoxide (identified by its IR spectrum) was 
liberated. The solution was left for 15 minutes then 
frozen and the CO pumped off. The process was repeated 
with 0.lmMol. and then 0.05mMol. phosphine. (It was found 
that if the phosphine was allowed to react all at once 
rather than in increments, small amounts of a species 
containing PH 3 and PH2 moieties was formed - see chapter 
LI). When reaction was complete the solvent was removed 
under vacuum, 	leaving the product 	as 	a pale, 
cream-coloured solid. Trituration with diethyl ether 
resulted in a white powder, soluble in methylene chloride, 
chloroform. THY and toluene but insoluble in diethyl ether 
and n-hexane. 
The compound can be handled in the air but must be 
stored under nitrogen. It is stable for only a few hours 
at room temperature and for long term storage must be 
sealed under vacuum and held at 77K. 
C 	 H 	 N 
Expect: 	 27.8 	5.5 	0 
Found: 	 27.5 	5.6 	0 
Main I.R. bands, (cm 1 ; nujol mull): 2020(w), 2000(m), 
1970-1900 (broad), 1180-900 (very broad), 757(m), 570(w). 
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Appendix: some reactions of P1I 2Me 
The reaction of PR2Me with RhCl(CO)(PEt 3 ) 2 (1). 
Reaction of equimolar amounts of methyl phosphine and 
(1) in methylene chloride gave a compound exhibiting in 
the 31 P-•{ 1H} n.m.r. Spectrum at 186K a doublet of triplets 
at -109.4ppm and another doublet of triplets at +29.2ppm. 
The resonance at -109.4ppm became, on retention of proton 
coupling, a second order pattern with a wide triplet 
splitting as would be expected of two chemically 
equivalent but magnetically non-equivalent -PH 2Me groups. 
The proton spectrum showed no hydride resonances. In 
the region associated with coordinated phosphine groups a 
second order pattern similar to that seen in the proton 
spectrum of compound (2) (fig.2.1. chapter 2) was present. 
However, the smaller peaks were present only as broad 
humps and it was not possible to calculate the various 
coupling constants. 
There was also some unreacted starting material (1) 
In 	the 	reaction 	mixture. Reaction 	of (1) 	with two 
equivalents of PH2Me gave the same 	product but 	with no 
unreacted 	(1) left 	over. Repeating 	the reaction with 
RhX(CO)(PEt 3 ) 2 (X = Br, 	I, NCS) gave the same product with 
the same n.m.r. parameters. The most likely structure of 









making it simply the methyl phosphine analogue of (2). 
Also present in these reactions was a very minor 
amount of another product which, in the 31 P-{ 1H} n.m.r. 
spectrum, gave rise to an overlapping doublet of doublets 
of triplets at -62ppm and another doublet of doublets of 
triplets at -112ppm. On retention of proton coupling, the 
former acquired a large (ca. 308Hz) doublet coupling 
proving that it was due to a four-coordinate phosphorus 
with one hydrogen attached, the other resonance was 
obscured by overlap with the main product as was the PEt 3 
resonance of this compound. 
The chemical shifts of methyl phosphines move to 
higher frequency as the number of methyl groups 
increases. 1 The chemical shift of the resonance at 
-62ppm, together with the fact that it was due to a 
four-coordinate phosphorus with one hydrogen attached 
suggested that it was due to a -PHMe 2 group, perhaps 
derived from a trace of PHMe 2 impurity in the PH 2Me. The 
resonance at -112ppm was probably therefore a -PH 2Me 
group. This suggests the mixed phosphine species 
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• 	PEt3 	1.1. 
/ 
PH2Me 




The resonances at -62 and -112ppm each contained a 
doublet coupling of 83Hz - too large for cis 2Jp. and too 
small for trans 2 J PP but comparable to the equatorial 
values observed in compound (2) and in its iridium 
analogue. 2 
Preparation of mixed phosphine species analogous to (2). 
The observation that a five-coordinate mixed 
phosphine species with first order spectra could be 
obtained as described above led to attempts to obtain a 
series of such compounds with all possible combinations of 
PR3 . PHMe and PHMe2 by reacting (1) with mixtures of two 
phosphines at a time. It was soon found that reaction of 
(1) with PH2Me to which ca. 20% PHMe2 had been 
deliberately added gave the mixed phosphine species 
described above in much better yield enabling more 
accurate parameters to be obtained including those for the 
PEt 3 resonance (a doublet of doublets of doublets). 
The 31 P-{ 1H} spectra were all quite similar. Those 
species with identical PH5_nMen groups gave rise to 
doublets of triplets. The mixed phosphine species gave 
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rise to a doublet of doublets of doublets in the PEt.3 
region (always overlapping with other resonances but 
resolvable by obtaining spectra with very narrow widths on 
the 200MHz spectrometer), an overlapping doublet of 
doublets of triplets at around -60ppm (for -PHMe 2 groups), 
an overlapping doublet of doublets of triplets at around 
-lOOppm (for -PH 2Me groups) and another at around -170ppm 
(for -PH3 groups) depending on which phosphines were 
present. 
Unfortunately, it was not possible to obtain all 
possible parameters. Lack of time and technical problems 
with the n.m.r. machines prevented any proton n.m.r. data 
from being obtained. In the systems involving PHMe 2 it 
was found that side reactions also occurred apparently 
involving displacment of PEt 3 (as shown by a singlet at 
-21ppm in the 31P spectra of such systems) and formation 
of as yet uncharacterised species, some of whose 
resonances overlapped those of interest. This was 
particularly true of the reaction of (1) with PHMe 2 alone 
and the parameters for this are especially incomplete. 
Those parameters that were obtained are given in the table 
at the end of this appendix. 
Two points are worthy of note. Firstly, the chemical 
shift of the phosphorus moves to higher frequency as the 
number of methyl groups increases as was mentioned before. 
(Proton coupling to see if the resonances became 
doublets, triplets or quartets was used to check that the 
assignments were correct). Secondly, the equatorial 2 J pp 
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couplings were all in the range 83 to 95Hz. The magnitude 
of these couplings is very roughly three times that of cis 
couplings. 
All these species dissociate reversibly on warming. 
Other reactions involving PH 2Me 
Reaction of methyl phosphine with IrCl(CO)(PEt 3 ) 2 








which gave rise to triplets with 2 Jpp = 35Hz at -11.8 and 
-137.8ppm in the 31 P-{ 1H} spectrum. The latter became a 
second order pattern with a triplet structure on retention 
of proton coupling. There was also a very minor amount of 
the mixed phosphine species with a -fliMe 2 group resonating 
at -93ppm with an equatorial 
2 
 i pp coupling of ca. 70Hz. 
The mixture decomposed when warmed to room temperature. 
The iridium system may be worth pursuing further as the 
absence of coupling to the metal makes the spectra 
simpler. 
Reaction of RhBr(CO)(PEt 3 ) 2 with the adduct of 88r3 
and PH2Me gave .a product directly analogous to (10) but 
with a -PHMeBBr3 group resonating at -35.4ppm in the 31 P 
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n.m.r. spectrum. 
Reaction of PH2fle with RhHC1 2 (CO)(pEt 3 ) 2 (5) in the 
presence of excess HCI gave initially a product analogous 
to (6). is 
• pEt3 	1 
Cl 
/ 




but with the -PH2Me group 
33. other 	P and 
2.
H n.m.r. 
virtually the same as for 
a doublet of triplets 
resonating at -71ppm. 	All the 
parameters of this species were 
(6). On warming above Ca. 260K 
appeared in the 31P-{ 1H} n.m.r. 
spectrum at +14.3ppm. The resonance due to the -PH 2Me 
group in the species above also became distorted by 
overlap with a new resonance. This was probably due to 
the formation of a bis-PH 2Me compound analogous to (IL) but 
the reaction did not go to completion and the mixture 
decomposed before it could be fully characterised. 
These reactions suggest that PH 2Me reacts in a very 
similar way to PH 3'  Reactions with the more basic PHMe 2 
were complicated by displacement of PEt 3 by PHMe2 . 
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Chemical shifts (in ppm). 
P' P" oP SF' BP" OH 
PH3 P1! 3 30.7 -165.1 -165.1 +3.6 
PH3 PH2Me 29.7 -173.7 -104.3 n.d. 
PH3 PHMe2 n.d. -175 -59.2 n.d. 
PH2Me PH2Me 29.2 -109.4 -109.4 +4.3. 
PH2Me PHMe2 29.0 -111.5 -62.2 n.d. 
PHI4e2 PHMe2 26.8 -64.1 -64.1 n.d. 
Coupling constants (in Hz). 
Ps PH3 Pfl P113 PH2Me PH2Me PHMe 2 
F" PH3 PH2Me PHMe 2 PH2Me FUMe2 PHMe 2 
77.5 80.3 n.d. 80.6 81.8 85 
1211.4 116.7 n.d. 122.6 119.8 122 
3P"Rh 124.4 127.5 127.7 122.6 123.3 122 
2 Jppe 47.0 44.7 n.d. 45.3 115.5 38 
117.0 45.5 112.9 115.3 42.3 38 
911.8 89.0 84.4 n.d. 83.0 n.d. 
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